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Preface

Welcome to this Special Issue of the International Journal of Molecular Sciences, dedicated to

exploring the significant strides made in targeted therapies in dermatology. Over the last decade, the

landscape of dermatological treatments has undergone a remarkable transformation, heralding a new

era in the management and understanding of skin diseases.

The advent of novel treatments, such as biologics and small-molecule inhibitors, has

revolutionized patient care, offering new hope to those suffering from conditions that were once

untreatable or difficult to manage. The efficacy of these targeted therapies lies in their ability to home

in on specific molecular pathways involved in the pathogenesis of dermatological conditions, thereby

minimizing systemic side effects and optimizing therapeutic results.

One of the cornerstones of this advancement has been the deepening collaboration between

clinicians and researchers in the basic sciences. This transnational approach has been instrumental

in unraveling the molecular mechanisms underlying various skin diseases. By shedding light on the

pathophysiology of these conditions, dermatologists have been able to identify novel therapeutic

targets and prognostic factors that are crucial for the development of tailored treatments.

Understanding the basic mechanisms underlying disease pathology is not just an academic

pursuit but also a step toward personalized medicine in dermatology. Personalized medicine enables

dermatologists to predict disease progression, tailor treatments to individual patient profiles, and

ultimately improve patient care and outcomes.

This Special Issue brings together a collection of articles that highlight the cutting-edge research

and clinical applications of targeted therapies in dermatology. The work featured herein exemplifies

the fruitful synergy between basic science and clinical practice, paving the way for the next generation

of dermatological treatments.

We invite you to delve into these pages and explore the advancements that are shaping the

future of dermatology. Through collaborative efforts and a deep commitment to understanding the

fundamental aspects of skin diseases, we are moving toward a future where targeted therapies offer a

beacon of hope for patients worldwide.

Montserrat Fernández-Guarino, Asunción Ballester-Martinez, and Andrés González-Garcı́a

Editors
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Abstract: Wound healing (WH) is a complex multistep process in which a failure could lead to a
chronic wound (CW). CW is a major health problem and includes leg venous ulcers, diabetic foot
ulcers, and pressure ulcers. CW is difficult to treat and affects vulnerable and pluripathological
patients. On the other hand, excessive scarring leads to keloids and hypertrophic scars causing
disfiguration and sometimes itchiness and pain. Treatment of WH includes the cleaning and careful
handling of injured tissue, early treatment and prevention of infection, and promotion of healing.
Treatment of underlying conditions and the use of special dressings promote healing. The patient
at risk and risk areas should avoid injury as much as possible. This review aims to summarize the
role of physical therapies as complementary treatments in WH and scarring. The article proposes a
translational view, opening the opportunity to develop these therapies in an optimal way in clinical
management, as many of them are emerging. The role of laser, photobiomodulation, photodynamic
therapy, electrical stimulation, ultrasound therapy, and others are highlighted in a practical and
comprehensive approach.

Keywords: chronic wound; electromagnetic fields; hypertrophic scar; keloid; laser; physical therapies;
photobiomodulation; photodynamic therapy; radiofrequency; ultrasound therapy; wound healing

1. Introduction

Wound healing (WH) is a main health problem in current society. Firstly, acute
wounds could lead to scars and disfiguring lesions, and secondly, chronic wounds (CW)
cause morbidity and high economic cost. AWs occur, in general, after surgery, trauma, or
burns, whereas in CWs occur, in general, with an underlying systemic condition, such as
diabetes, elderly, vascular alterations, or malnutrition.

Guidelines for care in wounds are useful, clear, and concise [1]. They represent the
principal approach in clinical practice. The main CWs presented in clinical practice include
leg ulcers (LU), diabetic foot ulcer (DFU), and pressure ulcer (PU). The main treatment of
CWs include adequate dressing, debridement, and pressure control. Nevertheless, undoubt-
edly, there is an uncovered gap in this pathology, as scarring is sometimes unavoidable, and
CWs could persist for months. The focus of this review is to provide a tool for clinicians,
and a useful guide from the basic science, to develop and improve physical therapies
in WH.

Int. J. Mol. Sci. 2023, 24, 7487. https://doi.org/10.3390/ijms24087487 https://www.mdpi.com/journal/ijms1
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Lots of research works are nowadays focused on solving the problem of WH, most of
them searching for very advanced therapies, such as cellular transplantation therapy [2,3],
vascular enhancers [4], regenerative materials [5], or nanoparticles in hydrogels [6]. Despite
the highly anticipated novel therapies in development, right now, they are very far from
being used in real practice.

Physical therapy (PT) is present in daily clinical consultations and has demonstrated a
certain utility in WH [7]. This review came across different techniques such as laser, low-
level laser light therapy, photodynamic therapy, or electrical stimulation, among others,
and their role in WH.

2. General Approach to Wounds

2.1. Epidemiology

The data in the literature referring to failure of WH show the seriousness of the problem.
WH failure, dermal fibrosis and scarring affect all ethnicities, while keloids or hyper-

trophic scars are more prevalent in American, African, and Asian populations, which can
reach up to 16% of the population [8]. Factors associated with excessive scarring include
genetic predisposition, hypertension, endocrine dysfunction, autoimmune diseases, and en-
docrine alterations [9]. The genetic factors described have been found to be associated with
polymorphism alterations in genes such as TGF-beta, which evolved in fibrosis formation,
opening, and interested therapeutic target [10]. The subsequent endothelial malfunction
in hypertension has recently been associated with the risk of scarring and other diseases
which have fibrosis and remodeling in their pathogenic [11].

On the other hand, the type of injury has also been associated with the risk of scarring
and other factors often seen in clinical practice [12] (See Table 1). Two types of scars are
described: keloids and hypertrophic scars (HS). HS are limited to the wound with an
increase in cicatricial tissue, whereas keloids are invasive, going through the limit of the
wound [12]. Table 1 summarized the differences between keloids and HS. The interaction
between the environment of keloids and the scar is complex, and diet, smoking, stress, and
physical exercise could influence the process [11].

Table 1. Clinical differences between keloids and hypertrophic scars.

Characteristic Keloids Hypertrophic Scars

Trauma Non-severe (acne, folliculitis) Burns, incision

Body sites Chest, upper back, earlobe Any

Symptoms Erythema, itch, pain Erythema, itch

Exploration Beyond the limit of the trauma Limited to the initial wound

Treatment Combined therapies with
frequent recurrence Good response

Surgical excision Contraindicated due to
recurrence

Without recurrences, could be
considered a treatment

Conversely, the failure of healing a wound also produces a high impact on the pa-
tients. A chronic wound (CW) is a wound that fails to repair and restore the skin in three
months [13]. It is estimated that 1–2% of the population suffer from CWs [14], for example,
in the United States more than 6.5 million patients are affected [15].

2.2. Process and Stages of Wound Healing

WH is a complex process evolving multiple biological pathways and mechanisms.
Classically, it is divided into different phases, including hemostasis/inflammatory stage,
proliferation, and remodeling (Figure 1) [2,16].
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Figure 1. Scheme of the stages of wound healing. IL1: interkeukin1; TNF: Tumor necrosis factor;
ROS: single oxygen radicals; TGF: transforming growth factor; VEGF: vascular endothelial growth
factor; MMP: metalloproteinases.

2.2.1. Hemostasis/Inflammatory Stage

The first response to an injury is the constriction of the affected vessels and platelet
activation to form a fibrin clot and stop the bleeding [3]. Platelets are activated for the
exposure to collagen of the subendothelial matrix in the so-called primary hemostasis.
Next, secondary hemostasis produces the activation of the coagulation cascade [17]. Local
mast cell degranulation release occurs in the following minutes, and mediators such as
histamine and TNF-alfa are released [18].

The next cells to appear in the wound scenario are the neutrophils which are not
usually present on normal skin. Neutrophils represent an innate inflammation [19] and are
recruited from damaged vessels and attracted by interleukin 1 (IL1), tumor necrosis factor
alfa (TNFα) and bacterial toxins [20].

Activated neutrophils destroy bacteria and cell debris and provide a good environment
for WH through the liberation of reactive oxygen species (ROS), antimicrobial peptides
and proteolytic enzymes [16]. Clearance of neutrophils occurs by apoptosis or necrosis and
ulterior phagocytosis by macrophages. Complete hemostasis and inflammatory phase in
WH usually last 72 h [2].

2.2.2. Proliferation

The clot is substituted by connective tissue or granulation tissue, meanwhile neovas-
cularization, re-epithelialization, and immunomodulation appear in parallel lasting days
or weeks [16]. Many cytokines and growth-factors participate in this phase, such as the
transforming growth factor-beta (TGF-β) family, and vascular epidermal growth-factors
(VEGF) [2,16]. Most of these mediators support the mechanism of action of physical ther-
apies in WH and are the focus to work in with. The duration of this phase is as follows:
3–21 days [21].

2.2.3. Maturation/Remodeling

Finally, a progressive substitution of the existing cells in the initial fibrin clot led to
a wound contraction. This event is related to the maturation of type I collagen and the
elimination of type III immature collagen, and by apoptosis of the myofibroblast during
several weeks and months after the injury [22]. This change is regulated by metallopro-
teases (MMPs), collagenases express and secrete by macrophages, myofibroblasts, and
keratinocytes [3,16]. The duration of this phase is as follows: 3 weeks–6 months [21].
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2.3. Chronic Wounds

A chronic wound (CW) is described as a wound that fails to repair itself or remains
unhealed after 12 weeks [1].

Most of the CW are classified as diabetic ulcers (DU), pressure ulcers (PU), or venous
leg ulcers (VU), in relation to their clinical findings and cause.

2.3.1. Diabetic Ulcer

DU is a deleterious complication representing the first cause of amputation of the
lower limb [23]. DU are located on the foot and are caused by neuropathy and vascular
illness, which causes the inability to detect pain and injuries. In general, DUs are deep,
similar to a crater and expose the tendon and the bone. A surrounded hyperkeratotic tissue
is put in place, forming a callus-like ring. Imaging testing could be necessary to exclude
osteomyelitis [1,13].

2.3.2. Pressure Ulcer

PU appears on areas under pressure, usually over a bony prominence such as the
sacrum or the heels. The pression on the vessels decreases irrigation of the skin resulting in
an initial dermatitis, which if prolonged leads to a loss of tissue. The cause is multifactorial,
e.g., immobilization in bed, nutrition alteration, systemic diseases, or being elderly [1]. PUs
varies in severity, and are classified in four different stages, IV being the more severe, which
implies the loss of the full thickness of the skin. In those cases, the management of the PU
should be surgical, and PT would not play a role.

2.3.3. Venous Ulcer

A VU typically appears in the lower limb over the medial supramalleolar area. The
risk factors for VUs include obesity and venous insufficiency. About 75% of chronic
ulcers are VU, being the most frequent, affecting 1–5% of the population [24]. VU are
associated with more signs of venous malfunction in clinical exploration than oedema,
hemosiderosis, cutaneous atrophy, lipodermatosclerosis or annexal absence. If necessary,
further examination with a duplex ultrasonography confirms the diagnosis.

The management of a VU includes the general treatment of CW, adding compressive
therapy and healing the venous system if possible, with surgery [13,25]. Adjuvant therapies
include nutritional balance and supplementation, diet, physical exercise and improving
blood circulation with drugs such as pentoxifylline. Despite using the correct treatment,
a VU could take 6 to 12 months to heal, and relapsing is very frequent in the following
year [13,24,25].

2.4. General Management of Chronic Wounds

WH and scarring is a complex process with multiple influencing and interacting factors.
Additionally, some of those factors are not under the control of the dermatologist, such as
age, vascular abnormalities, comorbidities, malnutrition, or smoking [1]. The management
is challenging, and multiple approaches and visits are needed with the implication of
different health care workers [1] and arisen important indirect costs.

All CW should be treated according to the TIME principles: tissue debridement,
infection control, moisture balance and edges of the wound [13]. Debridement is the first
step in the treatment of a CW, it must be carried out weekly and it increases the speed of
healing by over 72% [26].

Biofilm is presented in the extracellular matrix and is considered the cause of 80% of
the infections in CW [27]. Biofilm is invisible to the naked eye, and different techniques to
assess its presence are being developed, apart from a cutaneous biopsy. Nevertheless, the
biofilm must be removed because it maintains the CW in the inflammatory stage [28]. The
risk of infection is usually controlled by topical antibiotics, silver dressing, or with other
topical components.
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The wound should not be exposed to air, and if the skin appears dry, moisturizer
should be added to the dressing. On the other hand, if excessive drainage is present, it
needs to be clean and dried. The wound edge, in case of overgrowth, must be excised for
epithelization [29].

Table 2 describes the local cellular response alterations underlying a CW. CW are
characterized by excessive inflammation, a decrease in growth factors secretion, and a
disbalance in the proteolytic enzymes and cellular senescence which perpetuates the wound
unhealed [25]. Therefore, a high number of mast cells, neutrophils and dendritic cells are
found in CW with an increase in pro-inflammatory cytokines and proteases (see Figure 1).
These inflammatory cells not only prolong the wound but also increase susceptibility
to infections [22]. The alteration of the expression and activation of MMPs is strongly
associated with CW, damaging the granulation tissue, and producing exudates in the
wound [30]. Cells implicated in the remodeling and re-epithelization are dysfunctional too.
Fibroblasts are senescent and the excess of wound proteases (MMPs, elastase, cathepsin
G, and urokinase-type plasminogen activator (uPA)) activities degrade the extracellular
matrix, the growth factors (VEGF, TGF-beta) and cytokines (TNF-alfa) [22]. Keratinocytes
hyper proliferate at the edge of the wound, so hyperkeratosis appears, and the subsequent
wound fails to close. The microbiome profiles of aged and diabetic patients with CW have
been found to have a decrease in alfa-diversity [3,20,30].

Table 2. Mechanisms found in failure to heal wound (FHW).

Wound Cellular Mechanisms Mediators

Inflammation
Exudates
Infection

Neutrophils’ excessive
number and function

Defective macrophages
High number of mast cells

Loss of microbiome diversity

Oxidative stress
Wound proteases (MMPs, elastase,
cathepsin G, and urokinase-type

plasminogen activator (uPA))
Increase in inflammatory cytokines

Hyperkeratotic edge
of the wound

Keratinocyte
hyperproliferation and

malfunction
Elevated b-catenin and c-myc

Failure to heal
and close Senescent fibroblasts Degradation of VEGF,

TGF-beta, and TNF-alfa
MMP: metalloproteinases; VEGF: vascular endothelial growth factor; TGF: transforming growth factor; TNF:
tumoral necrosis factor.

2.5. General Prevention of Scarring

Excess WH or scarring is caused by an overproduction of extracellular matrix gener-
ated by myofibroblasts, which in this type of lesion are not replaced by fibroblasts during
the proliferative phase. In this fibrosis, matrix proteins such as alpha-smooth muscle actin
(alpha-SMA) are overexpressed, and the expression of MMP decreases, which induces an
accumulation of collagen [12].

Keloid and HS are clinical expressions, and both can be considered successive stages of
the same proliferative disorder. The initial common process is a purulent inflammatory skin
lesion, the hyperfunction of the fibroblasts and excessive extracellular matrix deposition.
HS consists of mainly type III collagen, whereas keloids contain type I and III [31].

The general strategy for the prevention of scarring is summarized in Table 3. The early
recognition of the alteration is considered of cardinal importance for early treatment [32].
The healing process varies from one patient to another; thus, controlling the procedure,
preventing the infection, and providing personalized wound care are the main prevention
and treatment methods [33].
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Table 3. Prevention and treatment of scarring, keloids, and hypertrophic scars (HS).

Prevention Treatment Alternative Therapies

Early diagnosis Silicone gel or dressing
Topical retinoids Peelings

Careful wound care
Topical Imiquimod

Topical 5-Fluorouracil
Intralesional Bleomicin

Microneedling
Dermabrasion
Radiotherapy

Prevent infection

Sun protection
Avoid risk areas if possible

Avoid risk patients if possible

3. The Role of Physical Therapies in Hard-To-Heal Chronic Wounds

Principles and Basis

Once it is known what fails in WH, the possibility of understanding the role of physical
therapies arises more clearly. Figure 2 shows a scheme of possible targets for increasing
WH, and Figure 3 shows how to promote regeneration rather than scarring with physical
therapies (PT). It is of notice that with their theoretical mechanisms, we can impact in all
the phases completing and fostering traditional treatments with innocuity.

Figure 2. Diagram representing different targets with physical therapies (PT) for promoting wound
healing (WH). PBM: photobiomodulation; LFU: low frequent ultrasound; PDT: photodynamic ther-
apy; ES: electrostimulation; VPL: visible pulsed light; PEMF: pulsed electromagnetic fields; BT:
biophotonic therapy; RF: radiofrequency.

Figure 3. Scheme of strategies for physical therapies (PT) in assisted well-scaring.
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The guidelines for the management of CW are extensive, but the pillars are promoting
patient adherence to treatment, debridement control of the possible infection, covering
with an appropriate dressing and effective compression if necessary [1].

Two options appear when PT are introduced in the treatment, either CW or scarring.
One is proactive management, starting the treatment in the initial phases of the wound,
as a prevention or adjuvant therapy. The other one is using those therapies when a CW,
HS or keloid has appeared. Both situations not only depend on the physician but also the
patient consultation.

4. Physical Therapies in Assisted Healing and Scar Prevention

4.1. Laser

The main target of laser therapy is the treatment and prevention of scarring, and there
are few studies published in its assistance in WH. Among the different issues presented in
an HS or keloids, different lasers could be used to target each objective [34] (Table 4). Laser
treatment is flexible and allows for their combination in a single treatment session. The
most widely applied are fractional lasers in combination with vascular lasers and lasers
targeting melanin [35]. Basically, there are two different types of fractional laser: ablative
(wavelengths of 2790–10,600 nm) and non-ablative (1320–1927 nm). Both ablative and
non-ablative lasers have become the gold standard for the treatment of scarring, although
ablative lasers are probably the most used [36].

Table 4. Targeting lasers according to clinical exploration in hypertrophic scars and keloids.

Skin Alteration Type of Laser

Erythema
Pulsed dye laser

Intense pulsed light
Neodimio-Yag laser

Skin thickness/Hypertrophic
Erbio laser
CO2 laser

Non-ablative laser

Hyperpigmentation
Alejandrita laser

Intense pulsed light
KTP 532 nm Q-switched laser

Erbio and CO2 lasers are ablative lasers that target water, producing a selective burn
in the skin. In a fractional mode, they work in separated columns, allowing for a better
regeneration throughout the non-damage columns of skin. Both induce selective thermal
necrosis in the skin, increasing in the first weeks of the inflammatory stage of the scar, but
after three months, collagen remodeling in a thin bundle due to collagen III appears [37].
The clinical results show a decreasing dermis thickness and increasing skin flexibility [35].
On the other hand, vascular lasers target small vessels and are used for decreasing erythema
in HS and keloids, causing excessive neovascularization. Pulsed dye laser (PDL) is probably
the most used. PDL has been demonstrated to decrease connective tissue growth factor
expression in keloids, despite targeting vessels [38] and inhibiting fibroblast proliferation
in vitro [39]. After the vessel coagulation and subsequent hypoxia, PDL leads to an increase
in collagen type III [40].

Apart from the treatment of scars, some studies of lasers in assisted WH and preventing
scarring from the first day of surgery have been published showing different results.
Curiously, the immediate application of lasers differs from other physical therapies, which
need some healing days before they start to be applied. In a split-face study, no differences
were found in the area treated with CO2 laser immediately after surgery, but in other
similar studies the scars treated exhibit better healing and cosmetic outcome [41–43]. PDL
and non-ablative fractional laser have also been shown to improve scaring when used
early; however, the differences with the untreated area were not statistically significant [44].
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Different types of lasers could be applied in the same session, PDL plus ablative fractional
CO2 laser have been suggested to be the best combination [45].

An early start of the treatment is recommended in the literature reviewed when lasers
are used to assist scarring. The optimal interval between sessions has been found to be 5 to
6 weeks during a period of months [46]. All the lasers applied in early treatment times have
also been used under lower parameters [40]. Further clinical trials with long-term follow-up
are needed to support the evidence of laser treatment in HS, keloids and WH alone or in
combination with other options for treatment [47]; however, lasers are recommended for
expert panels as a first-line therapy in scarring [48].

4.2. Photobiomodulation (Low-Level Light Therapy-LLLT)

LLLT has been intensely studied in WH, the near-infrared light (NIR) between 800 and
900 nm and red light (600–700 nm) being the most used. The use of light in a non-thermal
effect is supported by the photon’s absorption of the cells’ receptors. The main three
chromophores in the skin are melanin in the epidermis, hemoglobin in the dermis and
water in all the skin [49] and longer wavelengths achieve deeper penetration (Figure 4).

Figure 4. Diagram of the relationship between visible light (blue, red) and near-infrared (NIR),
penetration and chromophores.

Hormesis responses occur in WH in response to low doses of light (LLLT) or photo-
biomodulation (PBM). Hormesis or biomodulation are terms used to describe a natural
biological process in which low doses of an input, for example, light or energy, induce
activation, but high doses produce an inhibition [50]. PBM induces the production of nitric
oxide (NO), a vasodilator, and anti-inflammatory agent (Table 5) [51]. LLLT can trigger nat-
ural mechanisms involved in WH, including TGF-beta families of molecules, transforming
growth platelet factor, interleukins (IL6, 13, 15), and matrix metalloproteinases (MMPs)
associated with alterations in WH. TGF-beta is crucial in fibroblast proliferation [7,50,51].
Thus, PBM has been demonstrated to be useful in all the steps of WH.

Table 5. Summary of the beneficial effects of photobiomodulation (PBM) in wound healing (WH)
and chronic wound (CW).

Effect Mediator Phase of WH/CW

Anti-inflammatory ROS, NO, IL Inflammation

Vasodilatation NO Proliferation

Matrix formation TGF-beta and MMPs Proliferation and remodeling

Promote epithelial cell function Cyclin D1 Proliferation and remodeling
ROS: radical oxygen singlet; NO: nictric oxide; IL: interleukins; MMPs: metaloproteinases.
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In animal models, LLLT increases collagen and reduces oxidative and nitroxidative
stress in diabetic wounded mouse skin [51]. In vitro studies have also found an increased
expression in keratinocytes after LLLT of cyclin D1 and cytokeratin, suggesting an increase
in proliferation and maturation [52,53].

LLLT is not as widely used as laser despite being safer, without adverse reactions such
as swelling, crusting or purpura. With respect to laser, LLLT is easy to apply, allows the
treatment of bigger areas, a wearable device is available, self-treating is an opportunity
and it is not as expensive. The main disadvantage of LLLT is the necessity of near-daily
repeated sessions [54].

There are few studies of LLLT in WH with different results. In VU, red light did not
demonstrate any additional benefit to conventional treatment [55]. Whereas in PU and
DU, red light increases healing with better outcomes when compared with NIR [56]. A
prophylactic treatment in the prevention of keloid in three patients was shown effective
with NIR (LED 805 nm). In this small study, patients self-treated at home daily for one
month [57].

LLLT improves inflammation, releases pain, and fosters healing in clinical practice.
Even though it has been deeply investigated, further studies in the daily clinical application
are necessary as no standard protocol has been developed [54].

Blue Light Emission Diode

LED technology greatly benefited from the pioneering research conducted during the
gallium nitride crystal boom of the 1980s by Akasaki, Amano, and Nakamura, which led
to the invention of the blue LED. This discovery was extremely important as it made it
possible to obtain white light from LED sources, paving the way for revolutionary uses of
radiation [58].

Blue-light PBM triggers a cascade of events attributable to the absorption of photons
by intracellular photoreceptors. Among these effects, the impact of light on cytochrome-
C oxidase can be observed: it induces an increase in cell proliferation, migration and
differentiation, cytokine modulation, growth factor synthesis, and anti-inflammatory effects;
thus, stimulating the improvement of the healing process [59,60].

In wounds treated with blue light, a faster healing process and better deposition and
morphology of dermal collagen are observed when compared to wounds not treated with
blue light. Furthermore, treated wounds show better modulation of the inflammatory
response where mast cells assume a central role [50].

4.3. Photodynamic Therapy

Photodynamic therapy (PDT) is a safe and easy procedure to enhance WH, neverthe-
less, further studies are necessary to determine an exact protocol. Anyhow, PDT is versatile,
with the limitation of pain during the treatment and repeat sessions.

PDT is indicated in dermatology for the treatment of actinic keratosis, basal cell
carcinoma and Bowen disease [61]. PDT has been explored in WH and prevents scarring,
whereas no results have been found in the treatment of keloids and HS. The main difference
between PDT and other PT in WH is the ability to scope infections without resistance
to antibiotics.

PDT consists of the combination of a photosensitizer (PS) in the target tissue and the
subsequent illumination of an adequate light source for inducing necrosis and apoptosis
of the tissue. Through the literature, a variety of lights and PS have been tested in WH.
Nowadays, PS are preferred to be used topically, as they have lower side effects. A lot of
optimal light sources could be used in the PpIX absorption spectrum; however, LEDs are
mostly explored for their simplicity and lower side effects. Table 6 summarized which PS
could be used in WH and different light devices [62,63]. Most of the light sources are in the
red spectrum [63], although there are studies with green light. The protocols and doses for
the use of PDT in WH are very different, which is a limitation when trying to come up with
a conclusion [64].
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Table 6. Summary of some of the photosensitizers (PS) and light sources used in photodynamic
therapy (PDT) in wound healing (WH).

Group of Photosensitizers Molecule Light Sources (570–800 nm) Protocol

Hematoporphyrin derivates Photofrin® LED (red and NIR) 37–100 J/cm2/session

PpIX precursors ALA, MAL Laser (Vascular and Diode)

Clorins Foscan® (mTHPC) 1–2 sessions/week/1 month

PpIX: Protoporphyrin IX; ALA: aminolaevulinic acid; MAL: Methylaminolaevulinic acid; mTHPC: meso-tetra-
hydroyphenyl chlorin; LED: ligh emitting diodes; NIR: near infrared.

The PS increases the intracellular production of Protoporphyrin IX, which absorbs the
light and produces the reaction. Destruction is mediated by the production of excessive
intracellular ROS (radical oxygen singlet).

The mechanisms of action of PDT are well known; besides the necrosis of the tumors, a
lot of parallel biological phenomena are produced, which lead to exploring other indications
of WH (Table 7) [65].

Table 7. Summary of the mechanism of action revised of PDT in WH.

Effect Mediator Phase of Wound Healing

Activation/suppression of the
immune system

TNF-alfa
IL1, IL6, IL10 Inflammation

Antibacterial activity ROS Chronic inflammation

Reepithelization,
matrix formation MMPs Regeneration and remodeling

Neovascularization VEGF Regeneration and remodeling
TNF: tumoral necrosis factor; IL: interleukins; ROS: radical oxygen singlet; MMPs: metalloproteinases; VEGF:
vascular endothelial growth factor.

PDT produces the activation of acute inflammation in WH, fostering the natural
process, and consequently, the neutrophils, TNF-alfa, and IL6 become increased [66]. PDT
also induces neovascularization induced by VEGF needed for remodeling [30].

Additionally, studies have indicated that the early activation of fibroblasts and re-
epithelization and increase in degranulation index by mast cells play a crucial role in
the healing of chronic wounds. It is worth remembering how interactions of the immune
system with the nervous system are important in the regulation of wound healing processes.
Recent studies have demonstrated that MC interactions with neuronal cells containing
neurotransmitters involved in wound healing processes, such as CGRP, NGF, NKA, NPY,
SP, PGP 9.5, and VIP, are common in chronic wounds. This fact can be related to other facts
such as the secretion of extracellular matrix by fibroblasts, as well as increases in TGF beta
levels and the response of cellular infiltrates [18,30].

Afterwards, PDT a negative regulation of the inflammation appears with IL10 expres-
sion and down regulation of IL1 and IL6 [67]. It has been suggested that the modulatory
effect of PDT in the immune system and the necrosis versus apoptosis induction depends
on the intensity of the protocol [68], more specifically on the ROS levels. Therefore, high
intracellular production of ROS could change the activation into destruction (hormesis) [69].

PDT increases the levels of MMPs after three weeks, and the histological improvement
appears at nine months. On the other hand, PDT has antibacterial activity, targeting the
biofilm, which is responsive to chronic inflammation [30,70].

4.4. Electrical Stimulation

Endogenous bioelectric fields (EBF) take place during WH, produced by the cells
generated by the Na+/K+ ATPase of the epidermis. EBFs influence cell migration, prolifer-
ation, and function, but also gene and protein expression [71]. The underlying mechanisms
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presented in a CW could be targeted with electrical stimulation (ES) mimicking the natural
process (Figure 2). Table 8 summarized the effects of ES in WH outlining in which part of
the process this mechanism is working. Theoretically, ES offers benefits in WH after some
days in the wound improving the proliferation and remodeling phase. Moreover, if a CW is
established, ES could decrease inflammation and the risk of infection. In vitro studies have
demonstrated a decrease in Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia
coli with ES [72]. Positive scattered results with ES have been reported in CW, VU, and LU,
with a possible increase of 30–42% in the reduction in the wound area [72,73]. ES is a safe,
simple, cheap, and easy procedure to use without adverse effects.

Table 8. Beneficial effects reported of electrical stimulation (ES) in wound healing (WH) and chronic
wound (CW).

Effect Mediator Phase of WH/CW

Angiogenesis VEGF Proliferation

Fibroblast proliferation FGF Proliferation and remodeling

Reduces bacterial colonization PH alteration Persistent inflammation
and risk of infection

EGF: vascular endothelial growth factor; FGF: fibroblast growth factor.

There are different forms of ES, including direct current, alternating current and
pulsed current on mono or bipolar devices. That huge variability limits knowing the real
exact beneficial protocol. Moreover, no comparative study between those modalities has
been conducted, whereas it is supposed that the pulsed current is the most similar to the
physiological(25) [25,71,72]. Theoretically, not all forms of ES are beneficial in all phases of
WH, the alternative current only being useful in the first days [25]. There is also a lack of
literature about standard protocols [73].

According to the mechanism of action of ES, it would be more effective in the prolif-
erative and remodeling phase of WH, that implies, from days to months after the injury,
either in acute wounds (AW) to prevent scarring or in CW to enhance healing [73].

If ES is applied, it should be added to the conventional treatment of the wound
as a complementary treatment (Table 9). The ES devices are usually applied by setting
electrodes around the wound. Repeated-weekly sessions are necessarily, lasting from
45 min to hours [25]. The therapy could last months, which is a great limitation due to time
consumption and displacement. Therefore, ES might be used in selected patients with a
risk of failure in WH. Novel devices are emerging, offering different possibilities such as
home devices, electric dressings, or electric fields, providing a practical future [71].

Table 9. Summary of the practical initial application of electrical stimulation (ES) in wound
healing (WH).

Modality Type of Wound Not yet Studied/Not Beneficial

Pulsed current
Electrodes around the wound

From 30 min to hours
Acute current in CW

From 5 to 7 days a week DU Scarring prevention or treatment

After 2–5 days of the injury LU
DU: diabetic ulcer; LU: Leg ulcer.

4.5. Others
4.5.1. Ultrasound Therapy

Ultrasound therapy (UT) consists of sound waves that cause thermal and non-thermal
effects in tissues. When UT is strongly applied to the skin, the temperature will rise to
40 Celsius degrees and produces an increase in vessel flow, cell proliferation, collagen
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synthesis, and tissue regeneration. Moreover, UT has anti-inflammatory properties. The
non-thermal effects comply with acoustic streaming with a displacement of the particles
and cavitation with the generation of microenvironmental gases [74]. Cavitation cleans
necrotic tissue preserving the healthy one [7].

UT accelerates the decrease in the wound area with respect to controls in LU, and it is
approved as an adjuvant therapy in WH by the FDA [75,76].

Two types of therapeutic US exits are low frequency ultrasound (LFU) from 30 to 40 kHz
and high-frequency ultrasound (HFU), ranging from 1 to 3 MHz. HFU has been used for
decades for the treatment of muscular diseases in sports medicine. A variant of HFU, micro
focused ultrasound in high intense mode (MFU, HIFU), is being widely studied because of
its benefits in aesthetic medicine reducing wrinkles and laxity of the skin [75]. In contrast,
LFU has demonstrated efficacy in WH and has been applied with good results in LU.

LFU is used directly on the skin, around the wound for 5 to 10 min (Table 10). A
topical gel is usually needed between the skin surface and the applicator [74]. UT is
contraindicated in a patient carrying a metal prosthesis in the leg, neuropathy, infection, or
thrombophlebitis [75].

Table 10. Summary of the practical protocols reviewed in ultrasound therapy (UT) in wound
healing (WH).

Modality Type of Wound Not yet Studied/Not Beneficial

LFU
Around the wound LU

HFU
Contraindicated metal prosthesis,

infection, or neuropathy

From 5 to 10 min
Repeated sessions in a week Prevent or treat keloids or HS

After 2–5 days of the injury
LU: Leg ulcer; HFU: high-frequency ultrasound; HS: Hypertrophic scars.

UT has a possible application in WH; nevertheless, there are no clinical studies of the
effects of UT in WH or scar prevention, most of the evidence is limited to LU and further
randomized clinical essays and protocols are necessary [75,76].

4.5.2. Electromagnetic Fields

Low frequency pulsed electromagnetic fields (PEMF) can accelerate WH, generating
connective tissue, enhancing the VEGF pathway and the production of collagen type I.
There are some published studies with good results in PU, VLU and DU. PEMF are possible
to apply at home on portable devices as multiple sessions are necessary [77,78].

4.5.3. Biophotonic Therapy

Biophotonic therapy (BT) consists of the application of the PBM applying a special
gel over the CW containing the chromophores. Afterwards, an LED lamp with a hyper
pulsed beam and low energy is used to activate the photoconverter gel. One concrete
device known as “Lumihel®” was evaluated showing improvement in the healing of the
CW, increasing the life quality of the patient without adverse events. The main limitations
of the study were the simultaneous inclusion of VU, LU and PU and the weekly treatment
sessions lasting 8 weeks [79].

4.5.4. Visible Polarized Light

Visible polarized light (VPL) has been used as a complementary therapy in WH. The
device used emitted light like the sun but without ultraviolet radiation. Thus, the light
used was safe, low energy light, polychromatic, incoherent, and polarized. The polarization
allows it to work on flat surfaces and enhances light penetration. The molecular mechanism
of action of VL is not well documented; however, some studies showing improvement in
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treated CW have been published [80,81]. PVL seems a promising possible treatment for
WH but needs to be more deeply studied [82].

4.5.5. Radiofrequency

Radiofrequency therapies consist of the application of a high-frequency electromag-
netic field (3 kHz and 300 GHz) that induces oscillation and friction in the molecules of the
target tissue, which causes tissue hyperthermia. This electrically induced hyperthermia
can degrade collagen, which stimulates neocollagenogenesis and tissue remodeling [83].
The main indicators of RF are skin tightening, the reduction of wrinkles and the treatment
of scars. There are some studies assessing the efficacy of RF in WH with good results in
releasing pain. Nevertheless, multiple sessions are necessary for 2–4 weeks. RF technology
is rapidly developing, with new micro-needling devices and fractionated delivery, which
shows good results in acne scars, HS, and keloids [21,84].

5. Summary of Clinical Trials of Physical Therapies in Wound Healing

Finally, it is important to take into consideration that there are few clinical trials
published about interventions with PT in WH. When the term “Physical therapies skin
wounds” is introduced in “Pubmed” and filters added as, “last 10 years”, “clinical trials” a
total of 66 results appeared. After having been selected, only 8 works were focused on skin
and only 6 in CW (Figure S1).

PT are not included in clinical Guidelines of management of CW, and they are used
as adjuvant therapies [1]. Polak treated with electrical stimulation (ES) areas of pressure
injuries in patients with neurological damage. A total of 43 patients were divided into
three groups, anodal, cathodal and placebo. A diminution of proinflammatory blood
cytokines was found in the patients treated in correlation with an improvement in the
clinical peripheric inflammation of the wound and a significant reduction in the size of
the wound was assessed, in comparison to the placebo group. The same therapy was
used for other authors [85] to explore the effect in CW in combination with silver dressing.
Ten patients were treated only in one wound and the rest were used as controls, leading
to significant differences. ES has also been proved to alleviate pain in CW, in addition
to accelerating healing [86]. In a study of 10 patients treated with ES compared with
10 patients treated with placebo, ES improved in DU the blood levels of VEGF and NO [87].

In an interesting study, ultrasound (US) and electrical stimulation (ES) were compared
in the treatment of PU. Both treatments improved WH in 27 patients treated without
significant differences between them [88]. Another comparative study was carried out by
Polak in 77 patients with PU using standard wound care, US, and ES. Patients treated with
PT had a significant decrease in the ulcer area compared with placebo without differences
between US and ES [89]. The main limitation of all those clinical trials is control over others
factor that could influence the healing of the wound.

6. Conclusions and Future Perspectives

WH and pathological scars are important problems in daily practice causing pain and
morbidity and are difficult to manage. PT arises as a possible safe complementary treatment
that might improve the results of the traditional treatment. PT has been demonstrated
to improve tissue healing with different grades or evidence; however, further studies
are necessary to develop practical protocols in clinical practice based on the theoretical
mechanism of action of the therapy. The main limitations of PT are the lack of clinical trials,
the availability, the variability of the parameters used in different conditions and the lack
of comparable results. Probably, electrical stimulation and ultrasound are the most studied.
The scope of this review was to offer a complete view of PT for clinicians in WH so they
can start working up new adjuvant protocols.
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Abbreviations

AU Atypical ulcer
BT Biophotonic therapy
CW Chronic wound
DU Diabetic ulcer
EBF Endogenous bioelectric fields
ES Electrical stimulation
FHW Fail to heal wound
HS Hypertrophic scar
LLLT Low level laser light therapy
PDL Pulsed dye laser
PEMF Pulsed electromagnetic field
PT Physical therapies
PU Pressure ulcer
US Ultrasound
UT Ultrasound therapy
VU Venous leg ulcer
WH Wound healing
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Abstract: Bullous pemphigoid (BP), the most common autoimmune blistering disease, is charac-
terized by the presence of autoantibodies targeting BP180 and BP230 in the basement membrane
zone. This leads to the activation of complement-dependent and independent pathways, resulting
in proteolytic cleavage at the dermoepidermal junction and an eosinophilic inflammatory response.
While numerous drugs have been associated with BP in the literature, causality and pathogenic
mechanisms remain elusive in most cases. Dipeptidyl peptidase 4 inhibitors (DPP4i), in particular, are
the most frequently reported drugs related to BP and, therefore, have been extensively investigated.
They can potentially trigger BP through the impaired proteolytic degradation of BP180, combined
with immune dysregulation. DPP4i-associated BP can be categorized into true drug-induced BP and
drug-triggered BP, with the latter resembling classic BP. Antineoplastic immunotherapy is increas-
ingly associated with BP, with both B and T cells involved. Other drugs, including biologics, diuretics
and cardiovascular and neuropsychiatric agents, present weaker evidence and poorly understood
pathogenic mechanisms. Further research is needed due to the growing incidence of BP and the
increasing identification of new potential triggers.

Keywords: autoimmune blistering diseases; bullous pemphigoid; drug-associated bullous pem-
phigoid; drug-induced bullous pemphigoid; dipeptidyl peptidase 4 inhibitors; gliptins; immunother-
apy; immune checkpoint inhibitors; biologics; diuretics

1. Introduction

Bullous pemphigoid (BP) stands as the most common autoimmune blistering disease,
presenting an estimated incidence ranging from 10 to 43 cases per million individuals
per year [1,2]. Remarkably, this disorder exhibits a distinct predilection for the elderly
population, with escalating incidence beyond the age of 70 years old [1–5]. According to
a retrospective study conducted in the United Kingdom, the median age of BP onset was
80 years, underscoring the advanced age at which BP commonly manifests [6].

The underlying mechanisms of BP remain largely unknown. However, it seems to rely
upon the interaction between predisposing and triggering factors. Predisposing elements
include genetic background, age and comorbidities such as neurological conditions. Even-
tually, the exposure to a specific trigger, such as drugs, physical factors, vaccines, infections
or transplantations, holds the potential to induce or exacerbate BP [7].

The diagnosis of BP is established through a combination of criteria, including clinical
features, histopathological findings, positive direct immunofluorescence (DIF) and the
detection of circulating IgG anti-basement membrane zone (BMZ) autoantibodies [8].

The classical clinical manifestations of BP consist of tense bullae appearing on erythe-
matous urticarial skin, primarily localized on the trunk and extremity flexures, as well as in
the axillary and inguinal folds. Less frequently, bullae may appear on seemingly unaffected
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skin, a condition referred to as “non-inflammatory BP”. Regardless of the inflammatory
background, BP is characterized by its intense associated pruritus [1,8]. Mucosal involve-
ment can be observed in up to 20% of BP patients, but is mild and predominantly affects
the oral cavity [9]. Other bullous clinical variants include dyshidrosiform pemphioid,
localized BP or lichen planus pemphigoides. Additionally, nonbullous presentations of BP
encompass eczematous, urticarial and prurigo-like (pemphigoid nodularis) forms [5,8].

Histopathological examination usually reveals subepidermal detachment contain-
ing eosinophils, neutrophils and fibrin, alongside a dermal inflammatory infiltrate. In
non-bullous forms, skin biopsy shows eosinophilic spongiosis with an eosinophilic der-
mal inflammatory infiltrate, although these findings might be non-specific [8]. Direct
immunofluorescence (DIF) samples must be obtained from perilesional skin. The linear de-
position of C3 and/or IgG along the BMZ in DIF displays the highest diagnostic sensitivity
for BP (90.8%) [10].

Indirect immunofluorescence (IIF) displays a linear IgG deposition along the der-
moepidermal junction, which is shown to occur on the epidermal side of the split while
using salt-split human skin as a substrate. Enzyme linked immunosorbent assay (ELISA)
testing can detect and quantify serum levels of anti-BP180 and anti-BP230 autoantibodies,
which are usually positive in BP with ranging sensitivity [1]. A mosaic biochip designed to
simultaneously detect multiple autoantibodies for the most common blistering diseases is
commercially available. It has demonstrated high sensitivity and specificity, equivalent to
each of its individual components, while streamlining the diagnostic process [8,11].

2. Pathogenesis of Bullous Pemphigoid (BP)

The pathogenesis initiates with the binding of autoantibodies against the hemidesmo-
somes in the basement membrane zone (BMZ) (Figure 1). This binding activates multiple
pathways, both complement-mediated and non-mediated, leading to the release of cy-
tokines and proteases and the chemotaxis of neutrophils and eosinophils. Proteolytic
cleavage at the BMZ induces dermal–epidermal separation and blister formation, with the
subsequent dispersion of hemidesmosome-associated protein fragments. These fragments
may interact with autoreactive lymphocytes, intensifying the inflammatory response [1,5].

Figure 1. Schematic representation of hemidesmosomes in the basement membrane zone. The
molecules of BP180 and BP230 stand as the main antigenic targets for autoantibody development in
bullous pemphigoid.
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2.1. Antigenic Targets

In bullous pemphigoid, we usually find autoantibodies against two principal hemidesmo-
somal proteins: bullous pemphigoid antigen 2 (BPAg2) and bullous pemphigoid antigen
1 (BPAg1). BPAg2 is a 180 kilodalton transmembrane protein, also known as bullous pem-
phigoid 180 (BP-180) or collagen XVII. BPAg1 is a 230 kilodalton intracellular hemidesmo-
somal protein, so it is also referred to as bullous pemphigoid antigen 230 (BP230) [12].

2.1.1. BP180

BP180 is a morphologically complex transmembrane protein (Figure 2). It is com-
posed of a globular intracellular domain in the amino-terminal and a large extracellular
segment (or ectodomain) in the carboxyl-terminal that encompass the lamina lucida in
the dermoepidermal junction and expands into the lamina densa [13]. The ectodomain is
composed of 15 collagenous domains interspersed with 16 non-collagenous (NC) domains,
each designated in sequential order starting from the carboxyl-terminal (NC1, NC2 . . .
NC16) [14].

Figure 2. BP180/Collagen 17. BP180 is a transmembrane protein consisting of a globular intracellular
domain at the amino-terminal and a large extracellular segment (or ectodomain) at the carboxyl-
terminal. NC16A represents the juxtamembranous non-collagenous domain, and it contains the
major pathogenic epitope for BP, in addition to being the primary site for plasmin and other serine
proteases’ degradation. N-terminal: amino-terminal; C-terminal: carboxyl-terminal.

The NC16A domain consists of an extracellular juxtamembranous region and contains
the major pathogenic epitope for BP. Thus, most common commercialized ELISAs for BP
diagnosis use a recombinant NC16A protein to detect and quantify BP autoantibodies [15]
and 84–90% of BP sera react with the NC16A domain [16,17]. It is important to note that
anti-BP180 antibodies can also recognize other epitopes on BP180 beyond the NC16A
domain, extending into the midportion or carboxyl-terminal regions of the ectodomain [15].
Izumi et al. reported that these cases with non-NC16A anti-BP180 antibodies displayed a
non-inflammatory phenotype with less erythema and a diminished eosinophilic infiltrate
and were more likely to respond to corticosteroid treatment [18].

One of the hypotheses that has been put forth to explain the disease revolves around
impaired proteolytic degradation. The physiological shedding of BP180 by serine proteases,
including plasmin, exposes new antigens and generates neoepitopes, which could serve
as targets for blister-inducing antibodies. The principal site of degradation for the BP180
molecule is the juxtamembranous domain NC16A, aligning with the major pathogenic
epitope of BP [18,19]. Other proteinases, such as A Disintegrin and Metalloproteases
(ADAMs) and Granzyme B (GzmB), might also contribute to the generation of neoepitopes
and the onset of BP through BP180 cleavage. In fact, GzmB expression is upregulated
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with age, which could help to explain its role in this age-related autoimmune blistering
disorder [20].

BP180 has also been demonstrated to be present in extracutaneous tissues, such as in
various neuroanatomical regions in the brain [21], and as a component of the glomerular
filtration barrier in the kidneys [22]. However, its precise function and potential role in
neurodegenerative disorders or renal diseases remains to be elucidated [21–23].

2.1.2. BP230

BP230 is an intracellular component of hemidesmosomes and is part of the plakine
family. Anti-BP230 antibodies mainly bind to the globular carboxyl-terminal domain and
are detected in approximately 60–70% of BP serum samples [24]. Given the fully intra-
cellular location of BP230, the accessibility of autoantibodies to this antigen is potentially
limited. Consequently, it remains uncertain whether they exert a pathogenic role in BP or
merely appear as a secondary event linked to keratinocyte injury (occurring as byproducts
of epitope spreading associated with disease extension) [16].

Nonetheless, anti-BP230 antibodies have been associated with the appearance of non-
bullous pemphigoid [25], whereas its absence may correlate with mucosal involvement in
BP patients [9]. As a result, anti-BP230 antibodies might contribute to some extent in the
development of BP; however, the precise mechanism and significance remain unclear.

2.2. Hypothesis of Blister Formation

It is well accepted that bullous pemphigoid arises from a loss of immune tolerance,
resulting in the production of autoantibodies against BP180 and BP230. These antibodies
trigger an inflammatory reaction, attracting numerous neutrophils, eosinophils and mast
cells, which migrate to the dermis and release a wide range of cytokines and proteases,
responsible for dermoepidermal cleavage and blister formation [26].

Until the last decade, a complement was believed to be a prerequisite for blister forma-
tion by autoantibodies. Complement components are present along the dermoepidermal
junction in patients with BP, as demonstrated with direct immunofluorescence (DIF), which
shows linear C3 deposition in 83–84% of BP cases [27,28]. Complement proteins are present
also in the blister fluid of BP patients [29]. Furthermore, complement activation by autoan-
tibodies may correlate with disease activity, as demonstrated in laboratory and clinical
studies [28,30]. All this evidence suggests a potential pathogenic role of the complement
system in BP development.

Nonetheless, more recent studies have questioned its major pathogenic role in bullous
pemphigoid, proposing the existence of complement-independent mechanisms mediating
blister formation [28,30]. In animal models, Ujiie et al. demonstrated that the passive
transfer of BP autoantibodies induced blister formation in C3-deficient humanized mice,
despite not being able to activate the complement cascade [31]. Furthermore, it should be
noted that if DIF shows a C3 deposition in 83–84% of patients, then 16–17% of BP patients
do not present this complement protein along the dermoepidermal junction and thus they
might not be mediated by the complement system [27,28]. In these cases, IgG4 antibodies
are the dominant IgG subclass, which are not able to activate the complement cascade [32].

2.2.1. Complement-Dependent Immune Response

The IgG1 and IgG3 antibodies bind to BP180, consequently initiating the activation of
the complement cascade (Figure 3). The resulting anaphylatoxins C3a and C5a induce the
chemotaxis and degranulation of neutrophils, eosinophils and mast cells. Neutrophils re-
lease proteolytic enzymes, including neutrophil elastase (NE) and matrix metalloproteinase
9 (MMP9), leading to the degradation of BP180 and subsequently weakening basal cells’
adhesion to the basement membrane zone (BMZ). Simultaneously, mast cells secrete IL-8,
which amplifies the neutrophilic infiltration, and numerous proinflammatory cytokines that
recruit additional eosinophils. Upon reaching the BMZ, migrated eosinophils discharge
their granule proteins, culminating in subepidermal blistering [12,33]. In addition to NE
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and MMP9, other proteases may potentially contribute to dermal–epidermal cleavage, as
evidenced by studies detecting plasmin in BP blister fluid [29,34]. The binding of IgG to
BP180 on keratinocytes could induce the liberation of tissue-type plasminogen activator
(tPA), thereby catalyzing the conversion of plasminogen into active plasmin [18,34].

 

Figure 3. Complement-dependent immune response. IgG1 and IgG3 antibodies bind to BP180 and
initiate the complement cascade, leading to eosinophils, mast cells and neutrophils’ recruitment and
subsequent degranulation. IgG binding on keratinocytes may also trigger tPA release, converting
plasminogen into plasmin. Plasmin, along with NE and MMP9, promotes dermal–epidermal cleavage.
tPA: tissue-type plasminogen activator; NE: neutrophil elastase; MMP9: matrix metalloproteinase 9.

2.2.2. Complement-Independent Immune Response

The binding of autoantibodies to BP180 in hemidesmosomes results in the internal-
ization of BP180 into basal keratinocytes (Figure 4) [35], so the adhesive strength of the
dermoepidermal junction decreases. This appears to be an early event in disease patho-
genesis, followed by an inflammatory response that finally causes dermoepidermal separa-
tion [26,36]. BP180 internalization occurs through the micropinocytosis pathway [36]. Af-
terwards, it remains unclear whether they are degraded in lysosomes (as macropinosomes
usually do) or if it is mediated by ubiquitylation and proteasomal degradation [14].
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Figure 4. Complement-independent immune response. IgG4 and IgE are involved in BP pathogen-
esis through complement-independent mechanisms. Autoantibody binding to BP180 results in its
internalization through the micropinocytosis pathway. The interaction between BP180 and autoanti-
bodies triggers the release of several cytokines, ultimately attracting eosinophils and proteases that
contribute to dermal–epidermal separation. MMP9: matrix metalloproteinase 9; CCL5: chemokine
ligand 5.

Following the interaction between anti-BP180 antibodies and BP180 ectodomain, ker-
atinocytes release proinflammatory cytokines such as IL-6 and IL-8 [37], possibly mediated
by the upregulation of NF-kappa beta and STAT3 [38]. These cytokines and chemokines
attract eosinophils and neutrophils, responsible for the inflammatory reaction [39].

IgG4 has a very limited ability to fix complements and has been reported by some stud-
ies as the predominant subclass of autoantibodies in BP, followed by IgG1 and IgG3 [40,41].
The dominance of IgG4 is more evident in the early stages of BP, suggesting that IgG4 may
play a pathogenic role primarily in the initiation of the immune response [41].

The balance between the contributions of complement-dependent IgG1 and complement-
independent IgG4 might explain the clinical diversity that we can find in BP. Certain authors
support that C3-positive pemphigoids in DIF are mediated by IgG1/IgG3 and IgG4, and
they would present as the classic BP with urticarial rash and worse clinical severity. On
the other hand, C3-negative pemphigoids are IgG4-dominant and tend to have a non-
inflammatory phenotype with milder severity [39].

Another immunoglobulin with little ability to activate complements is IgE, which
is increasingly being linked to the pathogenesis of BP. Anti-BP180 IgE autoantibodies
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are detected in the majority of BP sera and are correlated with disease activity [42,43].
BP180–IgE complexes adhere to the keratinocyte basement membrane and bind with
the FcεR1 receptors present on eosinophils, mast cells and basophils. This interaction
triggers the release of proteases such as MMP9, eosinophil granule proteins and eosinophil
extracellular traps. MMP9 degrades BP180, thereby contributing to dermal–epidermal
separation. Eosinophils also secrete interleukin 31, which is directly related to pruritus
in BP. In response to eosinophil granule proteins, keratinocytes release cytokines such
as IL-5, eotaxin-1 and chemokine ligand 5 (CCL5). This cyclical process amplifies tissue
eosinophilia and promotes eosinophilic spongiosis [26,27,44]. These facts support the
relevance of complement-independent Th2-mediated pathways in the pathogenesis of BP.

Hence, it is plausible that both complement-dependent and independent mechanisms
play a collaborative role in triggering and perpetuating bullous pemphigoid [45].

2.3. Breakdown of Self-Tolerance

The fundamental initial process in the development of bullous pemphigoid is the
generation of autoantibodies targeting hemidesmosomal proteins. FoxP3+ regulatory T cells
(FoxP3+ Treg) represent the pivotal cell population for self-tolerance maintenance, since
they are responsible for suppressing excessive autoantibody production [16]. However,
the scientific literature exhibits contradictory results in this regard. Some authors have
documented decreased FoxP3+ Treg cells among BP patients [46,47], whereas other authors
have identified a substantial increase [48]. These differences may stem from a selection bias
associated with Treg markers. Specifically, Muramatsu et al. reported that total Treg cells are
increased in classic BP patients before treatment, possibly secondary to the inflammatory
background, but significantly decrease after corticosteroid treatment. This finding can be
attributed to the inhibition of IL-2 by corticosteroids, which is required for the maintenance
of Treg cells. Alternatively, corticosteroid treatment might suppress autoreactive T cells and
therefore effector Treg cells would consequently decrease as they are no longer needed [49].

Nevertheless, the dysfunction of Treg cells has been identified in BP [50]. This mal-
function can result in the suppression of self-tolerance and subsequently the formation of
autoreactive T helper 2 (Th2) lymphocytes mediated by STAT6. Autoreactive Th2 cells are
able to activate and sensitize B cells and generate antibodies against self-components [16].

2.4. Epitope Spreading

Epitope spreading (ES) is a phenomenon in which the immune responses of T and/or
B cells extend from the original dominant epitope to other secondary epitopes as time
progresses. These new epitopes may be located on the same autoantigen (intramolecular
epitope spreading) or on different antigens within the same anatomical site [51].

It is widely recognized that ES is a frequent event in the development of BP. In vivo
studies using murine models have demonstrated that IgG antibodies targeting BP180
initially react to epitopes situated within the ectodomain and, subsequently, they react to
other extracellular and intracellular domains over time (Figure 5) [52,53]. However, this
immunological reaction is not solely confined to antigens localized within BP180; rather,
it progressively spreads over time to other molecules, including BP230 [53]. Furthermore,
in a prospective multicenter study, ES was observed in 49% of patients following a 1-year
observational period. These events exhibited a distinct propensity to occur during the early
stages of the disease [54]. All these findings suggest that NC16A recognition in the BP180
ectodomain is an early event, succeeded by intra- and intermolecular ES events. These
sequential occurrences collaboratively mold the individual course of each patient with
BP [51].

The concept of epitope spreading has been suggested as an explanation for those cases
in which BP develops in the setting of other diseases [53]. For example, the basement
membrane zone disruption in oral lichen planus might expose hemidesmosome proteins
and then trigger the autoimmune humoral response responsible for lichen planus pem-
phigoides [55]. BP may also develop after radiation therapy, possibly through the exposure
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of BMZ antigens during the course of the treatment [56]. Finally, ES from brain BP180
due to neurologic damage has also been proposed to partially explain the relationship be-
tween BP and certain neurocognitive diseases [57]. Although BP180 is diffusely expressed
within the central nervous system, a recent study has revealed that it is not expressed in
the hippocampus, which is the main area affected in neurocognitive disorders [23]. This
underscores the need for future research to elucidate the intricate connection between
neurological disorders and BP.

 

Figure 5. Epitope spreading. Epitope spreading in murine models according to the research con-
ducted by Ujiie et al. Figure adapted from Ujiie et al. (2019) [53].

3. General Aspects of Drug-Associated Bullous Pemphigoid (DABP)

3.1. Drugs Related to DABP

The first case of drug-associated bullous pemphigoid (DABP) was reported in an
11-year-old patient receiving treatment with salicylazosulphapyridine [58]. Subsequently, a
wide range of drugs have been linked to the pathogenesis of this disease.

According to the Naranjo Adverse Reaction Probability Scale [59] and the Karch–
Lasagna algorithm [60], most bullous pemphigoid cases could be categorized as having
a “probable” association with a drug regarding the temporal relationship, the available
literature and the absence of alternative causes. However, while these scales are useful in
assessing general drug reactions, their significance appears diminished when applied to the
identification of potential triggers in drug-associated bullous pemphigoid. In contrast, Tan
et al. proposed specific criteria to consider a drug as a potential trigger for BP. These criteria
include the drug’s initiation within the preceding year, a treatment duration of more than
2 weeks and drug continuation until at least 1 month before the diagnosis of BP [61].

Medications most frequently linked to BP include dipeptidyl peptidase 4 inhibitors
(DPP4i), diuretics, neuroleptics, antibiotics, monoclonal antibodies against anti-tumor
necrosis factor (TNF)-α, immune checkpoint inhibitors targeting programmed cell death
protein 1 (PD-1) and its ligand (PD-L1), non-steroidal anti-inflammatory drugs (NSAID)
and antihypertensive drugs. However, the list is exponentially growing (Table 1). BP has
even been reported to develop after the application of certain topical drugs, inducing some
form of “contact pemphigoid” [62]. However, the potential of topical agents to trigger BP
remains controversial, as direct associations are not well established in most cases [63].
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Table 1. List of drugs that have been linked to bullous pemphigoid development according to the
scientific literature. Adapted from Verheyden et al. [4].

Drugs Associated with Bullous Pemphigoid Development

Dipeptidyl peptidase
4 inhibitors

Diuretics
Immune checkpoint

inhibitors
Biologic agents

Alogliptin Acetazolamide Atezolizumab Adalimumab
Anagliptin Bumetanide Cemiplimab Efalizumab
Linagliptin Furosemide Durvalumab Etanercept
Saxagliptin Hydrochlorothiazide Ipilimumab Guselkumab
Sitagliptin Spironolactone Nivolumab Infliximab

Teneligliptin Torsemide Pembrolizumab Secukinumab
Vildagliptin Ustekinumab

Cardiovascular drugs Neurological drugs Antimicrobial agents
Anti-inflammatory drugs

and salicylates

Amiodarone Amantadine Actinomycin Aspirin
Amlodipine Doxepin Amoxicilin Azapropazone

Atenolol Escitalopram Ampicilin Celecoxib
Captopril Fluoxetin Cephalexin Ibuprofen
Enalapril Flupenthixol Ciprofloxacin Mefenamic acid
Lisinopril Gabapentin Chloroquine Mesalazine
Losartan Galantamine Dactinomycin Metamizole
Nadolol Levetiracetam Griseofulvin Phenacetin

Nifedipine Risperidone Levofloxacin Sulfasalazine
Practolol Teriflunomide Metronidazole Salicylazosulphapyridine

Rosuvastatin Penicillin
Valsartan Rifampicin

Sulfonamide
Terbinafine

Other drugs Topical drugs

Aldesleukin Palbociclib 5-Fluorouracil
Arsenic Potassium iodide Anthralin

D-Penicillamine Psoralens with ultraviolet A
(PUVA)

Benzyl benzoate
Dabrafenib Coal tar
Enoxaparin Serratiopeptidase Diclofenac

Erlotinib Sirolimus Dorzolamide
Everolimus Tiobutarit Iodophor adhesive band
Omeprazole Timolol

Verheyden et al. conducted a systematic review of drug-associated bullous pem-
phigoid and consequently developed a diagrammatic summary of the strength of sup-
porting evidence for each drug. Within this framework, the evidence was stronger for
DPP4i, followed by immune checkpoint inhibitors PD-1/PD-L1, loop diuretics, penicillins,
NSAIDs, thiazides and psoralens with ultraviolet A phototherapy [4]. Additionally, Liu
et al. recently published a meta-analysis of case–control studies, in which they found a
significant association between BP and the prior use of DPP4i (odds ratio [OR] 1.92), al-
dosterone antagonists (OR 1.75), anticholinergics (OR 3.12) and dopaminergic medications
(OR 2.03) [64].

Nonetheless, the majority of these associations are predominantly drawn from case
reports, relying on factors such as temporal correlation or similarity to previously reported
cases. As a result, the levels of evidence for most of the suspected medications are low due
to the absence of controlled studies [64]. Furthermore, these clinical associations are subject
to various confounding elements, including the prevalent polypharmacy among elderly
individuals and the common use of over-the-counter drugs that are seldom reported to
healthcare professionals. Unfortunately, ethical and safety concerns make it infeasible to
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rechallenge patients in order to definitively confirm the presumed link between BP and
drug exposure [4,63].

As ongoing research continues to unravel the pathogenesis and natural history of
DABP, clinicians should be aware of this association in order to identify and treat potential
cases of DABP early on [4,63]. Drug discontinuation in DABP might lead to a reduction
in the need for immunosuppression and a better prognosis when compared to missed
DABP [65].

3.2. Pathogenic Mechanisms

Increasing interest is being directed towards the research of DABP pathogenesis,
yet a precise understanding of the underlying mechanisms is still lacking. Drugs are
thought to act as triggering factors in patients with an underlying genetic susceptibility.
Various studies have suggested a potential correlation between DABP and specific major
histocompatibility complex (MHC) class II alleles, since they could facilitate the presentation
of BMZ autoantigens to T cells [4,7].

It has been hypothesized that the pathogenesis of DABP might be explained by the
interaction of several mechanisms (Figure 6).

 

Figure 6. Proposed mechanisms to explain drug-associated bullous pemphigoid pathogenesis. (1) The
“two-step” theory proposes that the interaction between two drugs may be necessary to initiate and
amplify the immune response. (2) The molecular mimicry hypothesis suggests that the molecular
similarity between certain drugs and microorganisms could trigger an immune response against the
drugs. (3) Other drugs may act as antigenic haptens, modifying the antigenic properties of specific
proteins. (4) Certain drugs may directly induce immune dysregulation. (5) Non-immunological
mechanisms, involving interaction with sulfhydryl groups present in the dermoepidermal junction,
are also plausible.

• “Two-step” theory: the interplay between two drugs with analogous molecular struc-
tures and their interaction with the immune system might represent the first and
second “hits” required to initiate and amplify the immune response [4,7,63].

• Molecular mimicry: many drugs bind to RNA and proteins in a way that closely
resembles the interaction pattern observed with viruses. This similarity raises the
possibility that these drugs might be erroneously recognized as microbial antigens. The
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immune system’s misidentification of drugs in predisposed individuals could result
in the activation of CD4+ T cells and the subsequent initiation of the autoimmune
cascade [7,63].

• Antigenic haptens: some drugs may have the ability to function as antigenic haptens
that can bind to and modify protein molecules within the lamina lucida of the BMZ.
Such interactions might induce the modification of their antigenic properties, thereby
acting as neoantigens. Alternatively, this phenomenon could lead to the exposure of a
previously hidden antigenic site, supporting the drug-triggering epitope spreading
theory [4,7,63,66].

• Direct immune dysregulation: drugs may cause immune reorganization, disrupting
the endogenous regulatory processes that prevent the development of several diseases.
Alterations in T-regulatory cell functions may suppress “forbidden” B cell clones and
then result in the release of autoantibodies against the BMZ [63,66].

• Non-immunological mechanisms: thiol-containing drugs may directly interact with
the sulfhydryl groups present in the BMZ proteins and subsequently disrupt the
dermoepidermal junction without the involvement of immunological mechanisms.
However, this dermoepidermal cleavage may also expose new, hidden antigenic
sites [7,63].

Furthermore, Verheyden et al. [4] recently proposed that drugs related to BP may
be categorized according to their chemical structure as thiol-based, phenol-based and
non-thiol non-phenol-based drugs.

• Thiol-based drugs: they might induce BP acting as haptens or directly disrupting the
dermoepidermal junction, as previously described. Moreover, penicillamine, a specific
thiol-based drug, could decrease the activity of T-regulatory cells [62]. Many drugs,
such as furosemide, hydrochlorothiazide, spironolactone, penicillins or sulfasalazine,
contain sulfur atoms within their molecules, yet not as part of a thiol group. However,
it is hypothesized that they may be able to form thiol groups during their metabolism,
thereby inducing BP through a similar mechanism to thiol-based drugs [67].

• Phenol-based drugs: these medications incorporate a phenyl group in their molecular
structure and are thought to interfere with the integrity of the BMZ, consequently
revealing hidden epitopes. Examples of these phenol drugs are non-steroidal anti-
inflammatory drugs (NSAID), cephalosporins, angiotensin II receptor blockers (ARB)
and selective serotonin reuptake inhibitors (SSRI).

• Non-thiol non-phenol-based drugs: the number of these drugs is continuously grow-
ing, although the precise underlying mechanisms remain largely undefined.

3.3. General Differences between DABP and Idiopathic BP
3.3.1. Clinical Differences

Patients diagnosed with DABP are often younger than those affected by the idiopathic
form [4,63]. In contrast to classic BP, the clinical manifestations of DABP may be more
heterogenous, resembling other conditions like erythema multiforme or pemphigus, which
often delays the diagnosis [4,68]. Lesions typically manifest as tense bullae on seemingly
normal skin or, more infrequently, on an erythematous or urticarial base [63].

The natural course of DABP remains somewhat uncertain, although there have been
recognized two variants based on their clinical history. The first is an acute, self-limited
form characterized by definitive resolution upon discontinuation of the suspected drug.
This form can be genuinely categorized as a drug reaction (true drug-induced bullous
pemphigoid). Conversely, the second form presents a chronic and severe course, similar to
classic bullous pemphigoid. It can persist even after the suspected drug is withdrawn and
may require a prolonged treatment (drug-triggered bullous pemphigoid) [66].

3.3.2. Histological and Laboratory Differences

Despite all the extensive research conducted in bullous pemphigoid, no specific anti-
gens for DABP have been identified. Therefore, it is believed that the autoantigens involved
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might align with those identified in idiopathic BP. Direct and indirect immunofluorescence
typically exhibit similar patterns to those of idiopathic BP [4,63].

The typical histological findings in DABP encompass the presence of intraepidermal
vesicles, necrotic keratinocytes and a prominent eosinophilic infiltrate, with occasional
thrombus formation. However, idiopathic BP typically lacks intraepidermal vesicles,
necrotic keratinocytes and thrombi, and the eosinophilic infiltrate is usually milder. Marked
eosinophilia in serum is frequently observed in DABP cases [4,63].

4. Dipeptidyl Peptidase 4 Inhibitor-Associated Bullous Pemphigoid (DPP4i-BP)

Dipeptidyl peptidase 4 inhibitors (DPP4i), also known as gliptins, constitute a class of
incretin-based drugs indicated for the treatment of type 2 diabetes mellitus. DPP4i suppress
the enzyme dipeptidyl peptidase 4 (DPP4), which is responsible for the degradation of the
incretin hormone glucagon-like peptide-1 (GLP-1). This inhibition results in the secretion
of insulin and the reduction of glucagon [69]. Their favorable safety profile, even in
patients with progressive renal insufficiency, the low risk of hypoglycemia and their oral
administration have led to the frequent use of these agents among elderly patients [70].
Despite their good tolerability profile, in the last few years, they have been increasingly
associated with the development of bullous pemphigoid.

4.1. Epidemiology of DPP4i-BP
4.1.1. General Risk of BP Development

The correlation between gliptin treatment and the development of BP initially emerged
from anecdotal case reports. Subsequently, these associations underwent thorough examina-
tion through the analysis of two national pharmacovigilance databases [71,72], in addition
to numerous observational controlled studies [73–78].

In a systematic review and meta-analysis published in 2018, the odds ratio for BP
among patients receiving any DPP4i ranged from 1.27 to 3.45, with a pooled OR of
3.16 (95% CI 2.57–3.89; I2 = 36.09%; p = 0.196), so it can be concluded that gliptin intake
might be associated with a threefold increased risk of developing BP [76]. However, this
OR might have been overestimated, as some subsequent, large, nationwide case–control
studies have reported milder associations following multivariant analysis (adjusted OR
1.58 [78]–1.86 [79], both statistically significant).

Notably, Kawaguchi et al. retrospectively analyzed the number of patients who had
been first prescribed a DPP4i and all BP newly diagnosed cases at their medical facility
for a study period of four years. They reported an incidence rate of BP among all patients
taking DPP4i of 0.0859%. When stratified by specific DPP4i, BP was more incident in
patients taking vildagliptin (0.292%), followed by linagliptin (0.076%), sitagliptin (0.059%)
and alogliptin (0.052%) [75].

4.1.2. Risk of BP Development in Patients with Diabetes Mellitus in Absence of DPP4i

Even in the absence of DPP4i use, diabetes mellitus is found to be associated with
bullous pemphigoid, exhibiting twofold higher incidence compared to the general pop-
ulation. The linkage between BP and diabetes might be attributed to the generation of
autoantibodies due to the augmented skin fragility in diabetic patients, or as a consequence
of the nonenzymatic glycosylation of dermal proteins [80].

Finnish nationwide studies have shown that the use of no other antidiabetic drugs,
including metformin [73], thiazolidinediones, sulfonylureas and repaglinide [81], was
associated with an increased risk of BP. This implies that, in BP cases diagnosed during
metformin–DPP4i combination therapy, metformin treatment can be safely continued, while
careful consideration should be given to the withdrawal of the gliptin component [73].
However, as these studies were conducted in 2018, new-generation diabetic medications
were being taken by very few patients. In more recent studies, a possible association
has been reported with previous exposure to a sodium glucose cotransporter 2 inhibitor
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and glucagon-like peptide 1 receptor agonist, suggesting the need for further large-scale
epidemiological studies in the future [82,83].

4.1.3. Risk of BP Development in Patients with Diabetes Mellitus in Absence of DPP4i

Vildagliptin stands as the main DPP4i agent implicated in the development of BP
across several studies that have included a subgroup analysis [71,72,76,78,79,84]. In a
meta-analysis conducted by Kridin et al., the use of vildagliptin was reported to be asso-
ciated with a ten-fold increased risk of BP, with a pooled OR of 10.16 (95% CI, 6.74–15.33;
I2 = 0%; p = 0.702) [76]. In a more recent population-based, nested case–control study, also
conducted by Kridin et al., vildagliptin again exhibited the strongest association, albeit with
reduced odds (OR 3.40; 95% CI, 2.69–4.29; p < 0.001) [79]. Notably, vildagliptin displays
relatively lower selectivity for the DPP4 enzyme when compared to other family members
like DPP-8 and DPP-9 [85], which are recognized to retain procaspase-1. Consequently,
it has been hypothesized that the off-target inhibition of DPP-8 and DPP-9 might trigger
the activation of the inflammasome–caspase-1 pathway, potentially contributing to the
pathogenesis of BP [78].

The sub-analysis of other individual DPP4i also revealed a significant association with
BP development, suggesting the presence of a class effect [72]. Nevertheless, there exists
greater variability in the results across them, ranging from some studies reporting a six-fold
rise in the probability of BP with linagliptin [76] to others demonstrating a significant
association with sitagliptin exposure [78,79].

The larger sample size offered by a retrospective population-based study conducted
in Japan enabled a more comprehensive evaluation of the risk linked to each individual
DPP4i. According to their findings, all daily DPP4i (alogliptin, anagliptin, linagliptin,
saxagliptin, sitagliptin, teneligliptin and vildagliptin), as well as the available weekly
DPP4i (omarigliptin and trelagliptin), exhibited a significant association with the risk of
developing BP. Interestingly, both categories displayed roughly similar levels of risk [77].

4.1.4. Latency Period

Most studies agree on the long latency period that typically elapses between DPP4i
initiation and the onset of BP. In the majority of these studies, the median latency time was
approximately 6 to 8 months, ranging from as short as 10 days to more than 3 years [71–75].
However, a recent duration–response analysis conducted by Kridin et al. revealed that the
highest probability of BP onset occurred 1–2 years following DPP4i initiation, with a median
latency of 3.3 years and a continuous, statistically significant risk for BP development
extending beyond 6 years from the beginning of the treatment [79]. The delayed onset of BP
suggests that additional factors besides the drug itself are required to break the tolerance to
BP180 and to trigger the autoimmune response.

Nevertheless, Kuwata et al. recently reported that the risk associated with DPP-4i
use was restricted to a span of 3 months following the first use. The risk of developing
BP was most pronounced within the initial 30 days after the first administration, with
a gradual decline until no risk was observed after 90 days. They hypothesized that BP
cases that develop within 3 months of initiating DPP4i might involve different pathogenic
mechanisms compared to cases that emerge later [77].

4.2. Pathogenesis of DPP4i-BP
4.2.1. Genetic Predisposition

Ujiie et al. reported that 86% of their non-inflammatory DPP4i-BP Japanese patient
cohort exhibited the HLA-DQB1*03:01 haplotype, compared to DPP4i-treated healthy
controls, where this allele was found in only 31% of them [86]. Interestingly, this allele is also
known to be associated with mucous membrane pemphigoid in Caucasian patients [87]. In a
study conducted by Lindgren et al. in Finland, it was concluded that the HLA-DQB1*03:01
allele was more commonly present among BP patients when compared to the control
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population. However, this study failed to find significant differences in HLA haplotypes
between DPP4i-associated and non-DPP4i-associated bullous pemphigoid cases [88].

4.2.2. DPP4 Functions

DPP4, also known as CD26, is widely expressed in various tissues, including ker-
atinocytes and immune T CD4+ cells (Figure 7). It is therefore reasonable to hypothesize
that the inhibition of CD26 on T cells could potentially dysregulate the immune system.
CD26 expression is known to be increased in various immunomediated diseases, such
as psoriasis and atopic dermatitis [89] Recently, it has been reported that the cutaneous
expression of CD26 is also upregulated in BP patients, regardless of their previous gliptin
exposure [88].

 
Figure 7. Schematic representation of DPP4 functions and, conversely, results following its inhibition.
DPP4 is expressed in many tissues, such as CD4+ T cells and keratinocytes, and acts as a surface
cell plasminogen that converts plasminogen into plasmin. As a result, DPP4 inhibition by gliptins
may cause immune dysregulation, the release of eotaxin and other inflammatory mediators and the
plasmin-independent cleavage of BP180.

The inhibition of DPP4 in keratinocytes may release eotaxin (CCL11) and other proin-
flammatory cytokines that promote dermal eosinophil recruitment, which is a common
histopathologic feature of BP cases [90]. Conversely, Japanese studies have demonstrated
that periblister eosinophil infiltration appears to be significantly lower in non-inflammatory
DPP4i-BP than in inflammatory DPP4i-BP [18,86].

Furthermore, DPP4 acts as a surface cell plasminogen receptor that converts plas-
minogen into plasmin (Figure 7) [91]. Plasmin is a serine protease that can be detected
in BP blister fluid that, in conjunction with other proteases, cleaves the BP180 molecule
within the juxtamembranous NC16A domain. This initial N-terminal cleavage results
in the production of the LAD-1 fragment (120 kDa), potentially followed by a further
C-terminal deletion that would produce the LABD97 fragment (97 kDa) (Figure 8) [92,93].
Consequently, the inhibition of plasmin activation by gliptins may lead to the inappropriate
plasmin-independent cleavage of BP180, resulting in the generation of neoepitopes along
different domains [18].

4.2.3. DPP4i-BP Autoantibodies and Epitope Spreading

Izumi et al. first identified a subtype of BP patients characterized by the presence of
anti-BP180 full-length (BP180fl) autoantibodies without anti-BP180 NC16A autoantibodies.
This subtype exhibited a non-inflammatory phenotype with less pronounced eosinophilic
infiltration. Additionally, these patients were more likely to have been treated with DPP4i
before BP onset [18].
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Figure 8. Plasmin and other proteases degrade the BP180 molecule within the juxtamembranous
NC16A domain. The initial N-terminal cleavage results in the production of the LAD-1 fragment
(120 kDa), which can be followed by a further C-terminal deletion that would result in the LABD97
fragment (97 kDa). Adapted from Mai et al. (2019) [92].

Subsequent studies further describe the immunological profile of gliptin-associated
bullous pemphigoid. All DPP4i-BP patients included in most studies present positive anti-
BP180fl, whereas the positivity rate of anti-BP180 NC16A is notably lower (29–58%) [94–96].
A significant percentage of patients (79–86%) also present IgG reactivity against the LAD-1
domain, situated in the mid-portion of the extracellular domain of BP180 [95,96]. In contrast,
in a recent case series involving 18 patients, all DPP4i-BP sera showed reactivity against
the extracellular domain of BP180, but with a preference for the LABD97 domain over
full-length BP180 [92]. Although anti-BP230 autoantibodies are rarely detected in DPP4i-BP,
one case has been reported in which the only positive autoantibody was targeted against
BP230, while BP180 fl and NC16A were both negative [97]. Moreover, IgE antibodies
against BP230 and not BP180 have also been identified in DPP4i-BP patients, while no
IgA reactivity was detected against BP180 or BP230 [98]. Finally, a case of DPP4i-BP with
autoantibodies against the extracellular domain of α6β4 integrin, along with anti-BP180
NC16A antibodies, has been reported as well [99].

Although the presence of anti-BP180 NC16A autoantibodies is less common at the
clinical onset of DPP4i-BP, several cases have been reported in the literature in which
they become positive during the clinical follow-up. Mai et al. reported three cases of
non-inflammatory DPP4i-BP with negative anti-BP180 NC16A that later evolved into an
inflammatory phenotype, along with the appearance of positive anti-BP180 NC16A anti-
bodies. It is notable that all these three patients had continued with the DPP4i treatment
despite the BP diagnosis [100]. Takama et al. described the case of a patient who, even after
discontinuing gliptin treatment, developed a positive response to anti-BP180 NC16A au-
toantibodies months after the diagnosis, coinciding with a clinical relapse [101]. In contrast,
García-Díez et al. reported the case of a patient with an inflammatory subtype of DPP4i-BP
and negative anti-BP180 NC16A autoantibodies who had discontinued gliptin treatment
and was in clinical remission when anti-BP180 NC16A antibodies became positive [96].
These cases support the theory of epitope spreading in the pathogenesis of DPP4i-BP. It
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has been proposed that the discontinuation of DPP4i may lead to the restored cleavage of
BP180 by plasmin within the NC16A domain, exposing the NC16A domain as an epitope
for autoantibodies, as occurs in classic BP cases [101].

In classic BP, the initial autoantibody response commonly targets the NC16A domain
on BP180. Subsequently, additional autoantibodies may emerge, typically directed towards
other domains on BP180 or BP230. Conversely, in DPP4i-BP, the primary autoantibody
response is directed against the extracellular domain of BP180, albeit in a distinct domain
apart from NC16A, which likely involves the full-length molecule or the LAD-1/LABD97
domains. As a consequence of the phenomenon of epitope spreading, diverse additional au-
toantibodies may develop, even targeting the NC16A domain, despite the discontinuation
of the drug and while the patient is in complete clinical remission (Figure 9) [102,103].

 
Figure 9. Presumed epitope spreading mechanisms in classic and DPP4i-associated BP.

4.2.4. Currently Described Immune and Pathogenic Mechanisms

While significant advancements have been achieved, the exact pathogenesis under-
lying the association of DPP4i and BP remains uncertain. However, recent research has
demonstrated that DPP4i’s inhibition of plasmin reduces the degradation of the NC16A
BP180 domain and may trigger the breakdown of immune tolerance [103].

As previously stated, Muramatsu et al. described that total Treg cells and all Treg
subsets are increased in classic BP, while, in DPP4i-BP, neither the total Treg cell count
nor their subsets seem to be increased. These results suggest that effector Treg cells with
suppressive functions may be expanded in response to the inflammation environment seen
in active classic BP, as effector Treg cells restrain autoreactive T cells. Then, the authors
hypothesized that effector Treg cells in DPP4i-BP may not expand sufficiently in response
to the autoreactive T cells due to the influence of DPP-4i intake, leading to the development
of bullous lesions even in a mild inflammatory background [49].

It is well known that both IgG1 and IgG4 are the predominant autoantibodies in BP.
In a case series of DPP4i-BP patients, all of them presented IgG1 autoantibodies against
BP180, in contrast to IgG4-subclass autoantibodies, which were observed in only 38.9%
of patients. This finding might be surprising since it is widely recognized that IgG1, and
not IgG4, antibodies are able to activate the complement system and consequently initiate
the classic inflammatory cascade. The predominance of IgG1 in DPP4i-BP suggests the
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involvement of the complement system in BP development in these patients, despite their
typical association with non- or less inflammatory phenotypes [92].

Interleukin 6 (IL-6) is involved in both the pathogenesis and maintenance of BP [104].
Interestingly, Hung et al. recently reported that vildagliptin can stimulate the expression of
IL-6 by keratinocytes in vitro, subsequently increasing its levels through a positive feedback
loop. As a result, keratinocytes treated with DPP4i may supply sufficient IL-6 in the skin of
DPP4i-BP patients, even if eosinophils and other inflammatory cells are reduced [105].

A recent study has reported that DPP4i drugs such as saxagliptin and sitagliptin
promote the migration and epithelial–mesenchymal transition (EMT) of keratinocytes
in vitro [106]. In parallel, BP180 is known to be involved in keratinocyte migration [107],
so it has been hypothesized that DPP4i might affect keratinocytes in an EMT-dependent
manner [108].

In vitro experiments by Nozawa et al. have demonstrated that DPP4 inhibitors upregu-
late both MMP9 and angiotensin-converting enzyme 2 (ACE2) via the angiotensin 1–7/Mas
receptor (MasR) axis, and they postulate that this pathway may play a pivotal role in the
development of BP. Lisinopril and MasR inhibitors effectively suppress the DPP4i-induced
upregulation of MMP9, suggesting that the modulation of the renin–angiotensin system
could stand as a therapeutic approach for DPP4i-BP. This intriguing in vitro finding is
sustained by research databases, which indicate that the concomitant use of lisinopril in
patients taking DPP4i can significantly reduce the incidence of DPP4i-BP [109].

Despite the progress made in understanding the underlying pathogenic mechanisms
of DPP4i-BP, a crucial question remains unresolved: whether mere DPP4i exposure alone
can trigger BP or if additional contributing factors are required [103].

4.3. Clinical and Immunological Distinct Features in Classic and DPP4i-Associated BP

Most studies indicate that DPP4i-BP may exhibit a certain male preponderance [71,74,78,79];
nevertheless, this trend is not consistently observed [73,74,110] and it must be noted
that, in healthy individuals, gender does not have an impact on the pharmacokinetics
of vildagliptin [111]. However, further research is needed to validate any gender-related
disparities in BP susceptibility during DPP4i therapy.

Notable differences are mainly observed among studies conducted in Japan, which
show distinct features like a non-inflammatory phenotype and atypical epitopes along
BP180, as opposed to studies reporting typical features in European patients.

A non-inflammatory phenotype has been defined as those BP cases in which the
Bullous Pemphigoid Disease Area Index (BPDAI) for urticaria/erythema activity is less than
10 points [86]. This non-inflammatory phenotype was the prominent DPP4i-BP presentation
in Japanese and Chinese studies, with an estimated prevalence of 50–70% among all cases
and a significantly lower urticaria/erythema activity BPDAI score [18,86,94,105]. This non-
inflammatory predilection was also observed in one European case series [112]. However,
this finding was not reproduced in any other study involving Caucasian patients, where
the authors failed to find differences in urticaria/erythema activity BPDAI scores between
DPP41-BP- and non-DPP4i-associated BP [88,98,110].

In the same vein, Asiatic studies report that DPP4i-BP skin biopsies show a milder
eosinophilic dermal infiltrate accompanying the non-inflammatory phenotype [18,94,105,113],
while European studies describe similar eosinophil counts in the upper dermis when
compared to non-DPP4i-associated BP [88,114]. However, in the context of circulating
eosinophils, two Israeli and Hungarian studies reflect the Japanese findings, as they also
reported lower eosinophil counts in DPP4i-BP cases [112,115].

Patients with DPP4i-BP may present with a more severe bullous component, according
to their significantly higher blister/erosion BPDAI score [105,110] or to the larger body
surface area affected [115]. Other studies have also observed a trend towards a more severe
disease, albeit lacking statistical significance [94,114]. Furthermore, some authors have
reported a higher likelihood of trunk [110,115] and head involvement [115] in DPP4i-BP
patients, but these findings have not been consistently observed in other studies. Other
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reports suggest that mucous membrane involvement may be more common in DPP4i-
BP than in patients without prior DPP4i exposure [113,116]. Despite the isolated clinical
differences reported in some studies, most European studies have concluded that there are
no major clinical differences between DPP4i-BP and non-DPP4i-BP [117,118].

From an immunological perspective, Japanese studies report lower seropositivity of the
anti-BP180 NC16A autoantibodies, with preferential reactivity against anti-BP180 full-length
instead [86,94,95]. In contrast, European studies have reported similar positivity rates of anti-
BP180 NC16A autoantibodies between DPP4i-BP and non-DPP41-BP [88,98,110,118]. However,
while the detection rate of anti-BP180 NC16A autoantibodies might be similar, the average
titers were significantly lower in the DPP4i-BP group when compared to non-DPP4i-BP
cases [110,112].

4.3.1. Effect of DPP4i Withdrawal

The available data regarding the effect of DPP4i withdrawal on the DPP4i-BP course
present conflicting results.

A large multicentric, retrospective case–control study conducted by Benzaquen et al.
clearly reported that DPP4i discontinuation led to partial or complete clinical remission in
95% of cases, with no further therapy needed to achieve and maintain this remission [74].
Other studies have also reported improved clinical outcomes, with most patients achieving
remission after DPP4i withdrawal [72,116,119]. However, it is worth noting that most
patients in these studies likewise received the standardized treatment protocol for BP,
consisting of high-potency topical corticosteroids, with or without systemic corticosteroids.
Since this standard treatment has consistently demonstrated high rates of complete remis-
sion in BP cases overall, it could mask the beneficial impact of gliptin withdrawal [8,118].

In contrast, other studies did not find significant differences in the prognosis or clinical
response between patients who continued and discontinued DPP4i treatment [112,118].
Plaquevent et al. reported that the time required to achieve disease control (14–15 days)
and the rate and timing of relapses were comparable in DPP4i-BP cases irrespective of
gliptin discontinuation. Furthermore, they observed no differences in the incidence of
relapses whether the DPP4i was stopped within the first month after BP diagnosis or at a
later stage [118]. These findings do not support the previously suggested beneficial effect
of gliptin withdrawal on the clinical outcomes of patients with BP.

It is currently unclear whether DPP4i-associated BP behaves as a true drug-induced
BP, completely resolving upon drug discontinuation, or if it is indeed a drug-triggered or
drug-aggravated BP, in which the drug acts as the immune response trigger, subsequently
following an independent clinical course despite drug withdrawal. However, the long
latency period between DPP4i initiation and BP development in most cases supports the
drug-triggered hypothesis rather than the classical drug-induced cutaneous reaction [73].

As this issue continues to be a subject of debate, the most recent BP guidelines recom-
mend, as a precautionary measure, at least considering gliptin withdrawal in patients with
DPP4i-BP [8]. Given the potential severity of BP and the wide availability of alternative
antidiabetic drugs, the current, safer approach is to replace gliptins with other diabetes
medications. Combining gliptins with metformin has also been linked to an increased risk
of BP, although such a risk has not been associated with metformin alone [81,116]. There-
fore, as previously discussed in this review, in such cases, it is generally safe to continue
metformin treatment, while careful consideration should be given to discontinuing the
gliptin component [73].

4.3.2. DPP4i-BP Clinical Subtypes

Based on the comprehensive scientific literature reviewed in this study, it is postulated
that DPP4i-BP patients could be categorized into two distinct subtypes (Table 2).
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Table 2. Suggested clinical and immunological subtypes of DPP4i-associated bullous pemphigoid.

Drug-Induced BP Drug-Triggered BP

Different clinical entity Similar to classic BP

Clinical phenotype Non-inflammatory BP Inflammatory BP

Latency period after DPP4i initiation Shorter; higher risk in the first 3 months Longer; even more than 6 years after
initiation

Autoantibody profile Anti-BP180 full length, associated or not
with anti-BP180 LAD-1 and LABD97 Anti-BP180 NC16A

Eosinophils in skin biopsies Decreased Moderate infiltrate

Eosinophils in serum Decreased Augmented

DPP4i withdrawal Mandatory Recommendable

Clinical course Less likely to persist after drug
withdrawal

More likely to persist after drug
withdrawal

• Drug-induced BP. This subtype would represent the true drug-related BP and would
appear de novo in patients with no prior genetic predisposition. Patients in this cate-
gory exhibit distinctive features, including a non-inflammatory phenotype (Figure 10a),
negative results for anti-BP180 NC16A autoantibodies and positivity for other epitopes
within BP180, such as full-length autoantibodies, LAD-1 and LABD97. Additionally,
they often display lower levels of tissue and peripheral eosinophilia. In these patients,
discontinuation of DPP4i is considered mandatory to restrain the stimulus for the
immune system and to ultimately achieve disease control.

 

Figure 10. Clinical phenotypes in patients with DPP4i-BP: (a) Non-inflammatory phenotype, suggest-
ing a drug-induced BP; (b) inflammatory phenotype, suggesting a drug-triggered BP. Commonly
presumed epitope spreading mechanisms in classic and DPP4i-associated BP.

• Drug-triggered BP. This subtype would occur in patients already predisposed to
developing BP, and the initiation of DPP4i treatment would merely precipitate the
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onset of the bullous disease. These patients typically display the characteristic features
observed in classic BP, including an inflammatory phenotype (Figure 10b) and the
positivity and high titers of anti-BP180 NC16A autoantibodies, along with higher
levels of peripheral and tissue eosinophilia. In this subgroup of patients, discontinuing
DPP4i is also advisable to eliminate at least one of the contributing factors to BP
etiopathogenesis. However, it is important to note that BP may persist even after
discontinuing gliptin treatment.

5. Bullous Pemphigoid Associated with Antineoplastic Drugs

5.1. Immune Checkpoint Inhibitor-Associated Bullous Pemphigoid (ICI-BP)

Immunotherapy with checkpoint inhibitors targeting programmed cell death protein
1 (PD-1), programmed cell death ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) has emerged as a highly effective treatment, leading to improved overall
survival rates in a growing spectrum of malignancies [120]. Immune checkpoint proteins
prevent the immune system from recognizing and eliminating cancer cells. Consequently,
the use of immune checkpoint inhibitors (ICI) disrupts the tumoral evasion mechanisms,
resulting in the increased activation of the immune system against the tumor [121].

However, this heightened immune activation is non-specific and can affect various
organs, leading to so-called immune-related adverse events (irAEs). Cutaneous toxic-
ity is one of the most prevalent irAEs [122], affecting roughly 30% of patients treated
with anti-PD-1/PD-L1 and 50% with anti-CTLA-4 [121]. The combination therapy of PD-
1/PD-L1+CTLA-4 demonstrates the highest incidence of irAEs, reaching up to 70% [120].
Although maculopapular eruptions are the most common type of cutaneous irAE, im-
munobullous eruptions are being increasingly reported in the literature. Among these,
bullous pemphigoid is the most frequently observed phenotype, although cases of lichen
planus pemhigoides, mucous membrane pemphigoid and pemphigus vulgaris have also
been documented [121].

5.1.1. Epidemiology of ICI-BP

The incidence of ICI-associated BP (ICI-BP) remains uncertain and varies across differ-
ent studies, but it is estimated to occur in approximately 0.2 to 1% of patients undergoing
treatment with PD-1/PD-L1 or CTLA-4 inhibitors [123–125]. Melanoma is the most fre-
quently observed primary tumor associated with ICI-BP, followed by non-small-cell lung
cancer (NSCLC) [121,123]. However, it must be noted that ICI have been approved and
used for longer periods in melanoma patients compared to other tumor types, which could
introduce potential confounding factors.

BP has been reported under treatment with both PD-1/PD-L1 and CTLA-4 drugs, in-
cluding pembrolizumab, nivolumab, atezolizumab, durvalumab, cemiplimab, ipilimumab
and combination therapies involving ipilumumab plus nivolumab or tremelimumab plus
durvalumab. However, it is notably more prevalent in patients receiving anti-PD-1/PD-L1
agents (mainly pembrolizumab and nivolumab) than anti-CTLA-4 [121,123,126,127]. This
discrepancy may be attributed to the distinct mode of action of each agent. PD-1 blockade
is thought to operate during the effector phase of immune tolerance induction, aiming to re-
store the activity of quiescent T-regulatory cells. This reactivation in peripheral tissues may
stimulate T cell cross-reactivity with self-antigens such as BP180 and BP230. In contrast,
anti-CTLA-4 therapy is less likely associated with ICI-BP, possibly due to its preferential
mechanism of action during the immune priming phase of tolerance induction, as well as
its higher expression in lymphoid tissues compared to peripheral ones [128].

Unlike classic BP, which has a female predominance, ICI-BP is more frequent among
male patients, accounting for approximately 71–77% of cases [121,124,129]. It has been
reported that male patients with melanoma often display a higher tumor mutational burden
and more immunogenic neoantigens, which can account for both the better survival out-
comes and the increased susceptibility to irAEs including ICI-BP [130,131]. Similarly to gen-
eral DABP, ICI-BP usually develops in younger patients compared to classic BP [121,129].
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5.1.2. Pathogenesis of ICI-BP

The exact pathogenesis of ICI-BP remains unclear [7]. While immune checkpoint
inhibitors primarily target T cells, the central role in the pathogenesis of BP is played by
B cells via their autoantibody production [132]. Therefore, it is widely believed that the
autoimmune phenomena induced by PD-1/PD-L1 inhibitors involve the dysregulation of
both B and T cells [133].

In addition to the BMZ, BP180 has also been identified on the surfaces of malignant
melanocytic tumors and NSCLC. Initially, this finding raised suspicion about the poten-
tial paraneoplastic nature of BP, but accumulating evidence showing BP resolution after
immunotherapy discontinuation and relapse upon rechallenge strongly supports a causal
relationship between PD-1/PD-L1 inhibitors and BP [133].

T-Cell-Independent B Cell Activation

Not only T cells but also B cells express PD-1 and PD-L1, suggesting that treatment
with anti-PD-1/PD-L1 agents may potentially activate pathogenic B cells independently of
T cells (Figure 11) [7].

 
Figure 11. T-cell-independent and T-cell-dependent B cell activation in the pathogenesis of immune
checkpoint inhibitor-associated bullous pemphigoid. Adapted from Tsiogka et al. (2021) [133].

The “same-antigen theory” suggests that targeting BP180 on tumor cells can trigger
cross-reactivity against the BP180 present in the BMZ [121,133]. The PD-1/PD-L1 signaling
pathway inhibits the binding of tumor antigens, including BP180, to their receptors on
B cells (BCR), suppressing B cell expansion. Consequently, PD-1/PD-L1 blockade am-
plifies the BCR response to BP180, resulting in the expansion of B cells and subsequent
antibody production, ultimately leading to subepidermal cleavage in the dermoepidermal
junction [133].

T-Cell-Dependent B Cell Activation

Another proposed hypothesis to explain ICI-BP is that the blockade of PD-1/PD-L1
may lead to the dysregulation of B-cell-regulatory T cells, consequently promoting antibody
production (Figure 11). PD-1/PD-L1 signaling stimulates both T follicular helper (TFH)
and T follicular regulatory (TFR) cells within follicular germinal centers. TFH cells are
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responsible for the selection and survival of B cells, which subsequently differentiate into
either high-affinity antibody-producing plasma cells or memory B cells. In contrast, TFR
cells inhibit TFH and B cells, thereby controlling undesired T-cell-mediated autoimmune
responses. Inhibiting PD-1/PD-L1 negatively impacts both TFH and TFR subpopulations,
resulting in the increased production of low-affinity plasma cells. These plasma cells can
contribute to antibody-mediated autoimmune phenomena, including BP [133].

Autoantigens and Epitope Spreading

In patients with ICI-BP, anti-BP180 NC16A autoantibodies have been detected more
frequently (70–80%) than anti-BP230 autoantibodies (7–29%) [121,129,133]. However, other
autoantibodies targeting various epitopes have also been reported, including LAD-1 or
C-terminal regions in BP180, desmoglein 1/3 and demoplakin 1/2, while up to 16% of
patients exhibit no detectable autoantibodies [133].

Beyond cross-reactivity, the presence of autoantibodies against different epitopes
observed in ICI-BP may be attributed to the epitope spreading phenomena, as seen in DPP4i-
BP [101]. It has been suggested that autoantibodies may develop as a secondary response
to a lichenoid reaction, which is one of the most common cutaneous irAEs. The interface
dermatitis in lichenoid reactions may potentially expose antigens at the BMZ, rendering
them susceptible to autoantibody development. This could also explain why BP stands out
as the most prevalent ICI-induced bullous dermatosis, since hemidesmosomes are more
exposed and prone to autoantibody formation following interface damage compared to
desmogleins or intracellular molecules [121,133].

5.1.3. Clinical Course and Management of ICI-BP

Unlike many cutaneous irAEs that occur shortly after ICI initiation, BP presents a
longer latency period. According to a recent review by Merli et al., ICI-BP may develop
after a median period of 26 weeks following the initiation of immunotherapy, ranging from
2 to a maximum of 209 weeks, and, in a small percentage, it can even develop after ICI
treatment completion [121,123,129].

ICI-BP usually presents with a prolonged prodromal phase compared to classic BP,
which is characterized by persistent pruritus and non-specific dermatitis [121]. Based
on the existing literature, the median time between the initiation of ICI therapy and the
onset of pruritus or a non-specific cutaneous eruption can be as short as 13–19 weeks.
However, the development of bullae as in classic BP is frequently delayed, often occurring
within the range of 28–39 weeks [134]. The fact that pruritus is one of the most common
cutaneous irAEs makes the early diagnosis of ICI-BP during the pre-blistering phase quite
challenging. To achieve this, a high awareness index is necessary, and any pruritic skin
eruption that does not respond to topical corticosteroids should prompt consideration for a
biopsy [127,135].

In terms of clinical presentation, ICI-BP typically displays a classic inflammatory
phenotype, with tense blisters and erosions overlying erythematous plaques, commonly
affecting more than 10% of the body surface area. The anatomical distribution of these
lesions varies, but they most commonly appear on the trunk and extremities, with mucosal
involvement in 17–20% of cases [121,129]. All these findings suggest that ICI-BP shares
clinical features similar to classic BP. While most ICI-BP cases show histopathological
findings similar to classic BP with eosinophil predominance, some neutrophil-predominant
BP cases have also been reported in the literature [136]. No significant differences regarding
DIF have been observed between classic and immunotherapy-associated BP [121].

Guidelines provided by oncologists for the management of irAEs recommend that
the decision to stop immunotherapy should be based on the severity of BP. Given that the
majority of ICI-BP cases can be classified as moderate to severe, a significant proportion
of patients reported in the literature had to temporarily or permanently discontinue im-
munotherapy (58–75%) [123,125,127,129,133]. Notably, unlike traditional DABP, some cases
of ICI-BP may develop or persist even after the cessation of immunotherapy, due to the
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prolonged immune activation associated with PD-1/PD-L1 inhibition or to the continual
production of autoantibodies by activated B cells [125,129].

Lopez et al. suggest that immunotherapy could be reinitiated in patients whose BP can
be effectively managed without systemic corticosteroids [137]. However, case series have
reported relapse rates of approximately 50% following immunotherapy rechallenge, either
with the same or alternative checkpoint inhibitors [123,133]. It is important to note that
these case series involved only a limited number of patients who underwent rechallenge,
making it difficult to draw definitive conclusions regarding the likelihood of recurrence
after immunotherapy reinitiation.

Finally, while some retrospective studies have suggested a potential link between the
onset of ICI-BP and an improved tumor response [138,139], the heterogeneity of the results
and the small number of patients limit their potential applicability. Future prospective
studies should be conducted to assess the tumor response in patients with ICI-BP to validate
this hypothesis.

5.2. Other Antineoplastic Medications

Other antineoplastic medications have also been associated with the development of
BP in single case reports.

• Recombinant interleukin-2 (IL-2). Aldesleukin’s potential association with DABP is
plausible due to the overexpression of IL-2 and its receptor in BP [140].

• Epidermal growth factor receptor (EGFR) inhibitors. Erlotinib has been associated
with BP development in a patient with lung adenocarcinoma, possibly linked to the
expression of EGFR in basal keratinocytes [141].

• Mammalian target of rapamycin (mTOR) inhibitors. Three cases of sirolimus- and
everolimus-related BP in kidney transplant recipients have been reported in the litera-
ture. The pathogenic mechanisms could be attributed to the role of mTOR in the cell
cycle or to the imbalance between cell-mediated and humoral immunity induced by
mTOR inhibitors. Additionally, it might also be associated with factors related to the
renal graft itself [142,143].

• BRAF inhibitors. Dabrafenib might induce a pemphigoid-like reaction with typical
clinical and histological features, despite negative DIF [144].

• Cyclin-dependent kinase 4/6 (CDK4/6) inhibitors. BP has recently been linked
with novel targeted antineoplastic therapies such as palbociclib, but the underlying
pathogenic mechanisms remain unknown [145].

6. Bullous Pemphigoid Associated with Biologic Agents (BIBP)

Several biologic agents used to treat immune-related diseases have been identified as
potential triggers of biologic-induced bullous pemphigoid (BIBP). These agents include
TNF-α inhibitors like adalimumab, etanercept, efalizumab and infliximab; the anti-IL-
12/IL-23 agent ustekinumab; and the anti-IL-17 and -23 inhibitors secukinumab and
guselkumab [146,147]. As biologics are being more extensively used in the treatment
of a wider range of immune-related disorders, there has been an increasing incidence of
BIBP reported in recent years [147].

6.1. Pathogenesis of BIBP
6.1.1. TNF-α Pathway

The pathogenesis of anti-TNF-α BIBP remains unclear, but three hypotheses have
been suggested to explain the underlying mechanisms. Firstly, patients undergoing anti-
TNF-α therapy may exhibit increased cell apoptosis, exposing novel autoantigens and
subsequently triggering autoantibody formation [147]. In addition, anti-TNF-α agents
may imbalance the cytotoxic T cell response, relieving the suppression of autoreactive B
cells, resulting equally in the increased production of autoantibodies [148]. Lastly, TNF-α
inhibitors may act as haptens, binding to and modifying the antigenic properties of BMZ
components, which would be more susceptible to an immune attack [63].
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Adding further complexity, anti-TNF-α agents have also been described as effective
therapies for BP patients, in a somewhat paradoxical phenomenon [147]. This paradoxical
phenomenon has been reported also in other immune-mediated dermatological conditions,
such as pyoderma gangrenosum [149]. In BP, mast cells release TNF-α alongside various
other mediators upon degranulation, which are responsible for recruiting neutrophils
and eosinophils to the surrounding tissue [33]. Additionally, TNF-α is found in higher
concentrations in BP blister fluid compared to non-inflammatory blisters [150], and its
circulating levels have been correlated with the severity and number of lesions in BP
patients [151].

Liu et al. studied the impact of TNF-α on eosinophils and described that they can
release both Th1 and Th2 chemokines depending on the surrounding microenvironment,
particularly influenced by the presence of interferon (INF)-γ or IL-4 [152]. Consequently, it
has been proposed that anti-TNF-α agents may have a dual role, as they can either treat or
induce Th2-mediated diseases like BP according to the underlying immune profile [147].

6.1.2. IL-17/23 Pathway

The IL-17/23 pathway is activated by several proinflammatory cytokines, including
TNF-α. Therefore, IL-17, IL-12/IL-23 or IL-23 inhibitors may present a similar mechanism
in the development of BIBP as with TNF-α blockers, which includes dysregulation in
the Th1/Th2 immune response and the disinhibition of autoreactive B cells [147]. These
findings suggest that the immunological state may shift from Th1 to Th2 dominance,
leading to the release of Th2 chemokines like eotaxin, known in the pathogenesis of
BP [153]. Notably, all reported cases of BP induced by IL-12/IL-23 or IL-23 inhibitors had
a previous history of anti-TNF-α treatment [147] and the only anti-IL-17-related case had
been previously treated with ustekinumab [154], thereby increasing the susceptibility to BP.

Conversely, the IL-17/IL-23 axis plays an essential role in the pathogenesis of BP,
confirmed by the increased levels of both IL-17 and IL-23 in the sera and blister fluid of
BP patients [45]. IL-17 induces neutrophils to release NE and MMP9, which can degrade
BP180 and ultimately lead to dermal–epidermal cleavage [155]. This could explain the
paradoxical phenomenon wherein there are cases of BP successfully treated by IL-17 and
IL-12/IL-23 inhibitors [147].

6.2. Clinical Features of BIBP

The relationship between BP and biologic agents might be controversial due to the
higher incidence of BP among psoriatic patients [156]. However, all reported cases of
BIBP in patients with psoriasis were assessed as “probable” or “possible” according to the
Naranjo scale and Karch–Lasagna algorithm [146].

Classic and biologic-induced BP usually present similar clinical features but, inter-
estingly, BIBP itself may exhibit distinct features depending on the specific biologic agent
involved. Husein-Elahmed et al. recently reviewed all BIBP cases in psoriatic patients and
found that the mean latency time for BIBP to develop was shorter in individuals treated
with anti-TNF-α agents (5 weeks) compared to those receiving ustekinumab (28 weeks). As
a result, it is suggested that TNF-α inhibitors may cause a true drug-induced BP with rapid
and widespread bullous eruption early in treatment, while IL-12/IL-23 blockers might
cause a “drug-triggered BP”, characterized by a slower onset and sometimes a refractory
course even after drug withdrawal and systemic treatment [146].

7. Bullous Pemphigoid Associated with Other Drugs

7.1. Bullous Pemphigoid Associated with Diuretics

Diuretics are commonly associated with BP development in the scientific literature.
Multiple case reports and case–control studies have linked various diuretics with BP,
including loop diuretics, thiazides and aldosterone antagonists. These three groups of
diuretics contain sulfur groups within their molecular structures, thus suggesting a po-
tential non-immunological mechanism for BP development involving interaction with the
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sulfhydryl groups present in the basement membrane zone [4]. An additional immunologic
mechanism where these drugs act as haptens has also been suggested [157].

• Loop diuretics (furosemide, bumetanide, torsemide). Some case–control and
database studies suggest a link between furosemide and DABP development
(OR 3.3–3.8) [72,158,159], while other studies do not find this association with loop
diuretics [3,64]. Interestingly, furosemide-induced BP may primarily affects sun-
exposed areas due to the drug’s well-known photosensitivity [160]. In one case report,
switching from furosemide to bumetanide resulted in the complete clinical remission
of BP [161], although bumetanide itself has also been associated with BP development
in some patients [162,163]. Finally, torsemide has been linked to DABP in one case
report due to its temporal relationship and structural similarity to furosemide [164].

• Aldosterone antagonists (spironolactone). Similar to furosemide, studies on the associ-
ation between spironolactone and BP exhibit conflicting results [3,61,78,159]. However,
a meta-analysis conducted by Liu et al., which included all previous case–control
studies, reported a significant association between the use of aldosterone antagonists
and BP, with a pooled OR of 1.75 (95% CI, 1.28–2.40; I2 = 4%) [64].

• Thiazides (hydrochlorothiazide). While some case reports suggest a clinical relation-
ship between hydrochlorothiazide and DABP [157,165], larger case–control studies
have not found a significant association [64].

• Acetazolamide. A single case report highlights a patient who experienced a relapse
of well-controlled BP lesions one month after initiating acetazolamide. The authors
suggest that this diuretic, commonly used in ophthalmology, may have triggered the
BP’s recurrence due to its structural similarity to other diuretics like furosemide [166].

7.2. Bullous Pemphigoid Associated with Neurological Drugs

Multiple neurological drugs have been linked to BP development according to nu-
merous clinical case reports, although only a limited number of case–control studies have
been conducted. These neurological medications encompass neuroleptics (risperidone and
flupenthixol), anti-depressants (escitalopram, fluoxetine and doxepin), antiepileptics (leve-
tiracetam), dopaminergic drugs (amantadine) and anticholinergic agents (biperiden), as
well as other medications, such as galantamine, gabapentin or teriflunomide [3,4,167,168].
In their meta-analysis, Liu et al. identified a significant association solely with anticholiner-
gic and dopaminergic drugs [64].

Nevertheless, the main challenge when discussing neurological drug-related BP stems
from the well-established association between neurologic and psychiatric disorders and the
etiopathogenesis of BP itself. Although the studies referenced here employed multivariate
analysis to mitigate their impact, the possibility of residual confounding factors persisting
should be acknowledged [169]. Consequently, studies that further minimize the influence
of concomitant neuropsychiatric disorders and that focus on understanding the responsible
pathogenic mechanisms are needed before definitively establishing the risk between BP
and the use of neurological drugs.

7.3. Bullous Pemphigoid Associated with Cardiovascular Drugs

Angiotensin-converting enzyme (ACE) inhibitors, angiotensin II receptor blockers
(ARB) and calcium channel blockers (CCB) have been associated with the development or
exacerbation of BP in several case reports, but these findings have not been consistently
supported by larger case–control studies [4].

ACE inhibitors may induce BP through various mechanisms. Firstly, it has been
proposed that ACE inhibition could activate the pro-inflammatory kinin system, potentially
triggering BP. Secondly, ACE inhibitors might bind to lamina lucida proteins and modify
their antigenic properties, acting as haptens [170]. Additionally, certain ACE inhibitors
have shown acantholysis properties in vitro, suggesting that the subsequent exposure of
BMZ antigens may contribute to BP development [171]. Specifically, captopril contains a
thiol group within its molecular structure, so it can directly interact with sulfhydryl groups
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in the BMZ [172]. These proposed pathogenic mechanisms contrast with in vitro and
population-based studies that show the decreased incidence of DPP4i-BP when lisinopril is
used concomitantly with DPP4i [109].

DABP has also been reported in association with ARBs such as valsartan and losartan.
It is hypothesized that they may induce BP in a similar way to ACE inhibitors through
their acantholytic properties [173,174]. Moreover, since they present phenyl groups in their
molecules, ARBs might be able to expose hidden epitopes following interaction with the
BMZ [4].

Regarding CCB, DABP has been reported during treatment with dihydropyridines
such as amlodipine and nifedipine [175,176]. Nifedipine has been demonstrated to induce
acantholysis and subepidermal cleavage in skin models in vitro [177].

Finally, some case–control studies have suggested an inverse relationship between
the use of lipid-lowering agents and the development of BP, pointing out that statins
might have a protective role against BP due to their anti-inflammatory properties [3,178].
However, the prescription of statins is associated with cerebrovascular accidents, which
are in turn involved in the etiopathogenesis of BP. Indeed, a larger recent study found no
significant association between BP and statin use after adjusting for potential confounding
factors [179].

7.4. Bullous Pemphigoid Associated with Antimicrobial Agents

Establishing a causal relationship between antimicrobial agents and BP is even more
challenging compared to other drugs, since they are not chronically administered and
obtaining a complete drug history can be especially difficult when latency periods are
prolonged. There is only one case–control study that has reported the significantly higher
use of antibiotics in general in BP patients compared to the control population [159], while
other studies have failed to find such differences [3,61]. The remaining evidence regarding
antibiotics-associated BP is largely based on single case reports, which may reflect casual
rather than causal associations.

Several groups of antibiotics have been linked to BP, including penicillins, cephalosporins,
quinolones, metronidazole, rifampicin and actinomycin, as well as antifungal agents such
as terbinafine and griseofulvin. Penicillins and cephalosporins are sulfur-containing drugs,
so they could induce BP through immune dysregulation affecting T-regulatory cells, or
through a non-immunological mechanism by directly interacting with sulfhydryl groups
in the dermoepidermal junction [4,7,67]. On the other hand, levofloxacin and ciprofloxacin
are believed to act as haptens, binding to the proteins in the lamina lucida and modifying
their antigenic properties [180,181].

8. Conclusions

Drug-associated bullous pemphigoid has been linked to nearly a hundred medica-
tions, with various mechanisms proposed for their potential role, including the two-step
theory, molecular mimicry, hapten-like properties, immune dysregulation and direct non-
immunologic actions. However, the majority of these associations are primarily based
on temporal relationships, which do not necessarily establish causality. Confirming drug
reactions through rechallenge is, in most cases, infeasible due to ethic concerns, except
for immunotherapy agents, which can be often reintroduced and frequently result in the
relapse of the skin lesions.

Larger and stronger evidence is available for gliptin-associated BP, as DPP4i are
the most-frequently reported drugs associated with DABP. Consequently, their underly-
ing pathogenic mechanisms have been extensively studied. Two DPP4i-BP phenotypes
have been described: the true drug-induced one, with its own distinct features, and the
drug-triggered one, resembling classic BP. Although not well defined, several pathogenic
mechanisms have been suggested to explain DPP4i’s role in BP development, including
impaired BP180 cleavage along with immune dysregulation mediated by distinct autoanti-
body profiles and the involvement of T-regulatory cells.
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Immunotherapy-induced BP is gaining relevance due to the paradigm shift in antineo-
plastic treatment in oncology. While their exact pathogenic mechanisms remain unclear, it is
widely believed that BP induced by PD-1/PD-L1 involves both B and T cell dysregulation.
Biologic agents including anti-TNF-α and anti-IL17/23 have been described as both triggers
and potential treatments for BP, in what appears to be a paradoxical phenomenon. Other
medications associated with DABP, although with weaker evidence, include diuretics,
antibiotics and neuropsychiatric and cardiovascular drugs (Table 3). In most cases, they are
presumed to act as haptens, inducing an immunological response, or to directly disrupt the
hemidesmosomal proteins along the dermoepidermal junction.

Table 3. Summary of the drugs that are more and less likely associated with BP development
according to the current scientific evidence.

Summary of Drugs Associated with Bullous Pemphigoid Development

Strongly associated Anecdotally associated

Dipeptidyl peptidase 4 inhibitors
Immune checkpoint inhibitors

Biologic agents (anti-TNF-α, anti-IL17/23)

Diuretics
Neurological drugs

Cardiovascular drugs
Antimicrobial agents

Anti-inflammatory drugs and salicylates
Other drugs (D-Penicillamine, antineoplastic

agents, topical drugs)

Future studies investigating genetic predisposition and molecular mechanisms should
help us to better understand the clinical course of DABP, identify at-risk individuals and
improve their prognosis and quality of life.

9. Future Directions

Future research on drug-associated bullous pemphigoid should depart from uncov-
ering the pathogenic mechanisms that explain why such a diverse range of medications
can trigger the same cutaneous disease. DABP presents a compelling etiopathogenesis, as
its clinical course differs significantly from what is typically expected from drug reactions.
Understanding why drug exposure can modulate the immune system, triggering a per-
sistent immune reaction that remains even after discontinuing the culprit drug, presents
a formidable challenge. Additionally, investigating HLA phenotypes and specific gene
expression patterns among DABP patients could shed light on whether genetic predisposi-
tion plays a leading role in individual susceptibility to BP development following exposure
to certain drugs. Finally, larger population-based observational studies are necessary to
strengthen the link between DABP and other drugs beyond DPP4i and immunotherapy, as
existing studies and reports lack robust evidence on this topic.
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Abstract: Hypertrophic scars and keloids are two different manifestations of excessive dermal
fibrosis and are caused by an alteration in the normal wound-healing process. Treatment with
radiofrequency (RF)-based therapies has proven to be useful in reducing hypertrophic scars. In this
study, the effect of one of these radiofrequency therapies, Capacitive Resistive Electrical Transfer
Therapy (CRET) on biomarkers of skin fibrosis was investigated. For this, in cultures of human
myofibroblasts treated with CRET therapy or sham-treated, proliferation (XTT Assay), apoptosis
(TUNEL Assay), and cell migration (Wound Closure Assay) were analyzed. Furthermore, in these
cultures the expression and/or localization of extracellular matrix proteins such as α-SMA, Col I,
Col III (immunofluorescence), metalloproteinases MMP1 and MMP9, MAP kinase ERK1/2, and
the transcription factor NFκB were also investigated (immunoblot). The results have revealed
that CRET decreases the expression of extracellular matrix proteins, modifies the expression of the
metalloproteinase MMP9, and reduces the activation of NFκB with respect to controls, suggesting
that this therapy could be useful for the treatment of fibrotic pathologies.

Keywords: fibrosis; hypertrophic scar; keloids; radiofrequency; myofibroblast; metalloproteinase;
extracellular matrix proteins; MAP-Kinases; NFκB

1. Introduction

The wound-healing process comprises a complex succession of events that is or-
ganized into three consecutive phases: inflammation phase, proliferation phase, and
remodeling phase [1–3].

During the proliferation phase, fibroblasts are activated and acquire the capacity to
express alpha smooth muscle actin (α-SMA), differentiating into myofibroblasts. These
differentiated fibroblasts allow the wound to contract and close. Once the wound is
closed, under normal physiological conditions, the myofibroblasts enter into apoptosis
and are replaced by fibroblasts. In wound healing, various biochemical/cellular signals,
such as Wnt and Notch signaling, AKT/mTOR, transforming growth factor beta (TGF-β),
mitogen-activated protein kinase (MAPK), or binding protein to the nuclear factor kappa
enhancer (NF-κB) intervene in a tightly coordinated cascade to repair the damage [4].
When this process is deregulated, abnormal or excessive scarring can occur, leading to
the development of cutaneous fibrosis, which clinically manifests as hypertrophic and
keloid scars.

Both types of fibrosis are differentiated by their etiology, symptoms, causes, and
location, among others [3]. The main causes of hypertrophic scars are surgery, severe burns,
trauma, or even insect bites, while keloids usually develop several months or even years
after an injury or inflammation of the skin, and can be due to minor skin damage such as
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piercings, vaccinations, or acne [5]. Although the etiology of keloids is unknown, a strongly
associated genetic, racial, and anatomical component has been observed, since they are
more frequent in African Americans and Asians, and in the upper part of the thorax or
earlobe [6]. Chronic infections and repeated injuries can also promote hypertrophic scar
formation and tissue fibrosis [7].

At the tissue level, hypertrophic scars and keloids present hyperplasia, swelling, and
redness, with aberrant growth being a specific characteristic of keloids, which usually
invades beyond the margins of the original wound, unlike hypertrophic scars, which
remain circumscribed to the original margins of the lesion [8]. In both pathologies, the
myofibroblasts are not replaced by fibroblasts, but remain in the proliferating lesion with
low rates of apoptosis [6]. These myofibroblasts generate persistent chronic inflammation,
due to the continuous production of profibrotic cytokines and chemokines, such as TGF-β1,
TGF-β2, VEGF, FGF, and CTGF [9], and synthesize a large amount of fibrotic extracellular
matrix, composed by collagen types I and III, and α-SMA, which prevents the normal
functioning of the affected tissues [10]. This dysfunction causes itching and pain in most
patients for long periods of time [11]. In addition, from a psychological point of view, these
pathologies generate a negative cosmetic and emotional impact on patients, which can
even limit their social interaction and affect their self-esteem [12].

Currently, hypertrophic scars and keloids represent a great challenge for derma-
tologists and surgeons due to the lack of effective specific treatments. Corticosteroid
administration, surgical excision, silicone gels, local radiotherapy, hormonal therapy, or
laser have been the conventional treatments, but often do not achieve complete cure, es-
pecially in the case of keloids due to high rates of recurrence [13]. There is experimental
evidence that hyperthermia induced by radiofrequency (RF) is effective in scar or keloid
regeneration treatments. In this regard, clinical evidence indicates that the application
of RF [14,15], alone or in combination with other physical therapies such as laser [16] or
ultrasound [17], can be effective for the treatment of hypertrophic and keloid scars. Thus,
physical therapies induce a remodeling of the collagen derived from the denaturation of
the fibers due to hyperthermia. In particular, therapies using capacitive RF have been
shown to be useful for reducing hypertrophic scars and increasing the flexibility of fibrotic
skin tissue [18]. One of these capacitive therapies is Capacitive Resistive Electrical Transfer
Therapy (CRET). This non-invasive therapy uses frequency currents around 0.5 MHz to
induce deep heating in the treated tissues. Under thermal conditions, it has been shown
to be effective in skin regeneration in animal models through increased skin thickening
and an increase in collagen production and angiogenesis [19]. Additionally, previous
research by our group has revealed that this therapy, under non-thermal conditions, can
promote skin regeneration through fibroblast migration and keratinocytes, fibroblasts, and
stem cell proliferation [2,20], as well as induce differentiation [21]. These effects would be
mediated by changes in the expression and localization of intercellular adhesion proteins or
cell–substrate adhesion proteins, and in kinases involved in cell proliferation and migration.
In this way, electrical stimulation would promote the formation of granulation tissue before
the closure of the external tissue layers, thus avoiding abnormal healing of the wound or
its chronification.

However, in relation to fibrotic processes, besides cases of favorable effects of CRET
observed in the clinic, the published experimental evidence is null and the biological bases
of these effects are unknown. Given the absence of effective strategies for the treatment of
these fibroses, it is of great interest to promote new therapeutic alternatives to the existing
ones for their treatment. On this basis, the objective of this study was to investigate, in
human cell models under normothermic conditions, the potential capacity of CRET to
regenerate already formed hypertrophic or keloid scars and/or to prevent their formation
in the initial phases of healing prior to their consolidation, in patients with a clinical
predisposition to generate them.
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2. Results

2.1. Extracellular Matrix Production

The immunoblot revealed a statistically significant reduction of 20 ± 6.3% (p = 0.011;
Student’s t-test) over the control in α-SMA expression, in cultures treated with CRET for
48 h (Figure 1A). This protein was also analyzed with immunofluorescence, and image
analysis confirmed the decrease (38% over controls) in the amount of α-SMA in CRET-
treated cultures versus controls (Figure 1B,C). Furthermore, collagen type I also decreased
by 23% and collagen type III content by 16%, compared to the control. The results were
statistically significant in all three analyses (Figure 1B,C).

Figure 1. α-SMA, Col I and Col III expression. (A) α-SMA, Col I, and Col III protein expression of
myofibroblasts at 48 h of CRET or sham treatment. Fluorescence intensity measurement per MHC
channel. Data normalized over the corresponding sham-exposed controls (dashed line represents the
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control group: 100%). Means ± SEM of the fluorescence intensity/total nuclei of at least three
experimental repeats per protein. *: 0.05 > p ≥ 0.01; Student’s t-test. (B) Inmunoblot for α-SMA.
Representative blots at 48 h of CRET or sham treatment (100 μg protein/lane). GAPDH were used as
loading control. C: Control. T: CRET treatment. (C) Immunofluorescence expression of α -SMA, Col I,
Col III, and merged micrographs. Representative micrographs. Red: α-SMA, Green: Col I or Col III.
Blue: cell nuclei. Scale bar: 20 μm.

2.2. Cell Proliferation and Death

The myofibroblasts treated with CRET for 48 h decreased their proliferation compared
to the control although very weakly (4% over control; statistically significant) (Figure 2A).
On the other hand, electrically treated myofibroblasts significantly decreased the number
of apoptotic cells, although the proportion of TUNEL+ cells was low in the cultures, and
did not exceed 10% of the total cells counted in any of the replicates (Figure 2A,B).

Figure 2. XTT and TUNEL assays. (A) Proliferative and apoptotic myofibroblast valuation after
48 h of intermittent CRET treatment. Data are means ± SEM normalized over the corresponding
sham-exposed controls (dashed line represents the control group: 100%). Five experimental replicates
of XTT assay and three experimental replicates of TUNEL assay. *: 0.01 ≤ p < 0.05; **: 0.001 ≤ p < 0.01.
Student’s t-test. (B) Representative micrographs of TUNEL+ cells at 48 h from CRET or sham
stimulation. Green: TUNEL+ cells; Blue: Nuclei stained with DAPI. Scale bar: 20 μm.

2.3. Cell Migration

The results of the wound closure assay, performed at 24 and 48 h of CRET treatment,
did not show statistically significant changes in the migration rate of electrically treated
myofibroblasts compared to controls (Figure 3A,B).

Figure 3. Wound Assay. (A) Computational quantification of the gap closure calculated as the mean
distance (μm) between the edges in three equidistant points of the gap, using Photoshop software.
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Data are means ± SD, normalized over the corresponding controls (dashed line represents the
control group: 100%), of five experimental replicates per time interval. NS: p ≥ 0.05; Student’s t-test.
(B) Representative micrographs of the wound at t = 0, 24 and 48 h from CRET or sham treatment
(control). Scale bar: 50 μm.

2.4. Expression of Metalloproteinases MMP1 and MMP9

At 24 h, the CRET treatment increased the expression of MMP9 by 63% compared to
controls and the differences were statistically significant. On the contrary, 48 h treatments
did not modify the expression of this protein compared to the control. Neither did the
expression of MMP1 show changes with respect to the control, at any of the moments
analyzed (Figure 4A,B).

A
48 h

MMP1

MMP9

GAPDH

GAPDH

24 h
C     TC     T

B

Figure 4. MMPs expression. (A) Densitometry values for MMP9 and MMP1 expressions at 24 or
48 h of CRET or sham treatment. Data normalized over the corresponding sham-treatment controls
(dashed line represents the control group 100%). Means ± SD of the protein/GAPDH ratios of at
least four experimental repeats per protein and time interval. **: 0.001 ≤ p < 0.01. Student’s t-test.
(B) Representative blots at 24 h or 48 h of CRET or sham treatment (100 μg protein/lane). GAPDH
were used as loading control. C: Control. T: CRET treatment.

2.5. Expression and Activation of MAP-Kinase ERK1/2 and Nuclear Factor (NF)-Kappa B p65

The results of the immunoblot showed statistically significant decreases in the expres-
sion of ERK, compared to the control at 12 h, while at 24 h there were no changes in its
expression. The active form of the protein (p-ERK) did not change its expression at 12
or 24 h compared to the control. On the other hand, the NFκB factor did not change its
expression compared to controls, although its activation did. Thus, at both 12 and 24 h, the
expression of p-NFκB decreased significantly with respect to the controls (Figure 5A,B).

Figure 5. ERK1/2, p-ERK1/2, NFkB, and p-NFkB expression. (A) Densitometry values for ERK1/2, p-
ERK1/2, NFkB, and p-NFkB expressions at 12 h or 24 h of CRET or sham treatment. Data normalized
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over the corresponding sham-exposed controls (dashed line represents the control group 100%).
Means ± SD of the protein/GAPDH ratios of at least three experimental repeats per protein and time
interval. **: 0.001 ≤ p < 0.01. *: 0.05 > p ≥ 0.01. Student’s t-test. (B) Representative blots at 12 h or
24 h of CRET or sham treatment (100 μg protein/lane). GAPDH were used as loading control. C:
Control. T: CRET treatment.

3. Discussion

Cutaneous fibrosis is a skin pathology that involves pain, itching, lack of functional-
ity and psychological problems for patients who suffer from it. The main treatments for
hypertrophic scars or keloids are not considered fully satisfactory since they are not very
effective, can cause pain, or have adverse side effects. Laser is one of the first line treatments,
however, it is expensive and requires repeated sessions. Other alternatives, such as intrale-
sional treatments with corticosteroids, bleomycin, or 5-fluorouracil are painful and require
multiple infiltrations. Local radiotherapy is a good treatment alternative but it needs to be
applied in specialized centers and in several sessions that produce the patient’s radiation.
In any case, the approach needs to be multidirectional, which is why the combination of
treatments is generally chosen. For this reason, these fibroses represent a challenge for
medicine, and it is of great interest to find alternative therapies for their treatment.

Currently, progress is being made in understanding the molecular mechanism of these
fibroses, which is generating new therapeutic strategies for the treatment of this pathology.
Since the pathological characteristics of cutaneous fibrosis are characterized by an excess
of extracellular matrix produced by fibroblasts at the tissue level, the action mechanisms
of these new therapies aim to achieve one or more of the following objectives: reduction
or inhibition of the proliferation of fibroblasts and myofibroblasts, reduction or inhibition
of the production of extracellular matrix (collagen, α -SMA and fibronectin), increased
apoptosis or necrosis of fibroblasts, decreased expression of TGF-β1 (a key regulator
of collagen synthesis), decreased expression of the GFR β1/Smad2/3 signaling pathway,
changes in the activity of metalloproteinases, decreased or modulated inflammation, and/or
increased production of IFN-α (due to its antifibrogenic capacity or increased normal
angiogenic activity) [22]. In this study we have investigated whether CRET therapy can act
on one or several of these key action mechanisms in skin fibrosis.

Due to the relevance of extracellular matrix (ECM) production in the generation of
the fibrotic process, we first investigated whether CRET could reduce the synthesis of
matrix components or degrade the existing one. In fact, numerous investigations aimed at
finding new pharmacological strategies focus on the reduction of collagen and extracellular
matrix deposits such as hypertensives including the angiotensin-converting enzyme ACE-
inhibitor [23], calcineurin inhibitors [24], doxorubicin [25], shock wave therapy [25,26],
stem cell therapy, interferons [5], tamoxifen [27], or RNA-based therapies [28]. Some
electrical therapies have also shown the ability to reduce collagen deposits in fibrotic
processes through its degradation. Thus, electrical therapies with degenerate waves have
shown an improvement in pain and itching, as well as a reduction in the formation of
excess collagen in keloids [29]. In RF-based therapies, treatment of hypertrophic scars with
moderate thermal increases (below 40 ◦C) generated by monopolar radiofrequency induces
remodeling of collagen fibers, whether applied as a single therapy [14] or in association with
negative pressure [18]. Other RF therapies have also shown changes in the morphology
or production of collagen fiber [15] or a reduction in the amount of collagen I, collagen III,
and TGF-β1 in scars, when RF is combined with pulsed light versus laser [16]. In our study
conducted under subthermal conditions, CRET treatment of myofibroblasts significantly
decreased the amount of collagen type I, type III, and α-SMA in their ECM. It is known
that the changes induced in the connective tissue by RF-based therapies are not explained
solely by the increase in temperature [30]. Given that the CRET therapy in our experiments
has been applied under normothermia conditions (37 ◦C), the changes observed in the
collagen content would not be related to denaturation and rearrangement of the fibers but
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to other molecular mechanisms such as the modulation of the activity of metalloproteinases
(MMPs) or the Smad2/3 pathway.

Indeed, MMPs also seem to play a critical role in wound healing and scar formation,
and their inhibition could be a strategy to treat fibrosis. MMPs are endopeptidases with a
catalytic domain of Zn2+ ions that interact with multiple components of the extracellular
matrix [31]. It has been reported that the expression of MMPs is elevated in skin lesions
compared to intact skin, while hypertrophic scar fibroblasts appear to have low MMP-1 [32]
and MMP9 [33] activity, which would favor the accumulation of collagen. For this reason,
some novel therapies have sought to modulate the expression of MMPs. Thus, for example,
shock waves have been shown to be capable of reducing the collagen fibers of keloids
due to increases in the expression of MMP13 [25], while stem cell therapies attenuated the
expression of tissue inhibitor of metalloproteinases 1 (TIMP-1) in keloid fibroblasts [34],
which would promote the activity of MMPs. Similarly, pressure therapies were able to
increase the expression of MMP9 and MMP12 in tissue from hypertrophic scars [35]. In
this study, it was analyzed whether the observed decrease in electrically induced collagen
expression and content could be due to a modulation in the expression of two of these
MMPs: MMP1 and MMP9. The results showed that MMP9 increases significantly after 24 h
of CRET treatment, while no changes in MMP1 expression were detected compared to the
control. Thus, this activation of MMP9 could be responsible for the degradation of collagen
I and collagen III observed after electrical stimulation, which would promote the reduction
of fibrosis in CRET treatments.

Another of the objectives pursued by numerous emerging therapies for the treatment
of fibrosis is the reduction of the proliferation of fibroblasts, responsible for most of the
collagen and ECM deposition that occurs in wound healing, both normal and pathological.
These actions are promoted by fibrogenic growth factors, such as TGF-β1, PDGF, fibroblast
growth factor β (FGF-β), and insulin-like growth factor I (IGF-I). Fibroblasts isolated
from keloid tissue have elevated expressions of TGF-β1, periostin, PAI-2, and inhibin
beta A compared to normal healthy tissues [6]. For this reason, numerous therapies have
focused on reducing the proliferation of fibroblasts such as the ACE-inhibitor lisinopril [23],
botulinum toxin [36], calcineurin inhibitors [24], doxorubicin [37], microneedles [38], stem
cell therapy [34,39], imidazoquinolines [40], or interferons [5]. CRET therapy has been
shown to slightly reduce myofibroblast proliferation and decrease ERK1/2 expression
relative to control, which could lead to an anti-proliferative effect. However, since no
changes in the activation of the protein were observed, but only in its expression, and the
effect on proliferation was weak, it is possible that such changes play a secondary role in
the potential anti-fibrotic effect of the CRET therapy. Furthermore, in wound regeneration,
proliferating mesenchymal stem cells (MSCs) play a key role, and recent studies have
shown that exosomal microRNA derived from adipose-derived mesenchymal stem cells
(ADSC) suppresses proliferation and exerts a pro-angiogenic role in keloid fibroblasts [41].
Therefore, a therapy that promotes stem cell proliferation could improve tissue fibrosis. This
is the case of CRET therapy, which is capable of promoting the proliferation of ADSC [20].
Thus, CRET could also reduce or prevent the generation of hypertrophic scars by promoting
stem cell proliferation while reducing that of myofibroblasts.

On the other hand, fibroblasts derived from hypertrophic scars overexpress transg-
lutaminase that could inhibit their apoptosis, thus enhancing the fibrotic phenotype by
increasing the number of cells capable of generating extracellular matrix [42]. For this
reason, this enzyme has been the target of physical therapies such as degenerate electri-
cal waveform stimulation in combination with photodynamic therapy [43]. In our study,
treatment with CRET induced a decrease in apoptosis in cultures compared to those not
treated electrically, although the actual proportion of apoptosis detected was very low. The
proliferative phase of wound healing also involves the active migration of fibroblasts [6].
In our CRET assays, the myofibroblast migratory rate did not change with respect to con-
trol. Therefore, CRET would not significantly alter the migration and apoptosis processes
of myofibroblasts.
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The skin is considered a neuroendocrine organ that has immunological, endocrine,
and neurological functions to maintain the body’s homeostasis. For this reason, its resident
cells, and the circulating cells of the immune system express neuropeptides and neurotrans-
mitters, and produce endocrine factors and cytokines in response to stress [44]. This organi-
zational system has been called the cutaneous hypothalamus-pituitary-adrenal axis (cHPA)
and its functions are regulated through two main signaling pathways: the corticotropin-
releasing hormone (CRH) pathway, and the proopiomelancortin (POMC) pathway.

Skin cells activate the CRH signaling pathway under physiological, pathological con-
ditions, or after stimulation with microbial antigens or UVB spectrum radiation. Through
the CRH pathway, these cells regulate cell proliferation and differentiation, as well as
activities of the immune or endocrine system [45]. CRH can act as a pro-inflammatory
agent since it has been described that the activation of this CRH pathway stimulates the
activity of NFkB [46], a key transcription factor that regulates a multitude of genes respon-
sible for triggering the inflammatory response. NFkB has been shown to be activated in
keratinocytes and fibroblasts from keloids [8]. Furthermore, in fibrosis, myofibroblasts
generate persistent chronic inflammation, due to the continuous production of profibrotic
cytokines and chemokines, such as TGF-β1, TGF-β2, VEGF, FGF, and CTGF [9].

NFkB is also modulated by the proopiomelanocortin POMC signaling pathway. In
skin cells such as keratinocytes, NFkB is indirectly inhibited by α-melanocyte-stimulating
hormones (α-MSH) [45], while in fibroblasts, α-MSH reduces NFkB activation [47]. On the
other hand, POMC gene expression, and POMC peptides and proteins production, can be
enhanced by electromagnetic radiation such as UVB, among others [45]. Recent studies
show that therapies based on the POMC pathway could be a new therapeutic strategy
for the treatment of diseases related to fibrotic conditions, since melanocortin drugs have
been shown to be able to reduce collagen deposition, myofibroblast activation, and the
production of pro-inflammatory mediators [47]. The results of our study show that CRET
decreases the activation of NFkB in myofibroblasts, and reduces the expression of collagens
through MMP9. Considering these results, and given that POMC and CRH are activated by
electromagnetic radiation, it cannot be ruled out that CRET radiofrequency currents could
also act through these POMC- or CRH-signaling pathways. If so, CRET physical treatment
could reduce the pro-inflammatory response in myofibroblasts through this cutaneous
neuroendocrine mechanism, without excluding other potential pathways yet to be studied.

4. Materials and Methods

4.1. Cell Culture

Human dermal fibroblasts (HF) isolated from neonatal foreskin (cat. no. C-004-5C,
Thermo Fisher, Carlsbad, CA, USA) were seeded in medium composed of high-glucose
D-MEM (Biowhittaker, Lonza, Verviers, Belgium) supplemented with 10% inactivated fetal
bovine serum (Gibco, Waltham, MA, USA), 1% glutamine, and 1% penicillin-streptomycin
(Gibco) and maintained in a 5% CO2 atmosphere at a temperature of 37 ◦C inside CO2
incubators (Thermo Fisher Scientific, Waltham, MA, USA). The cells were subcultured once
a week.

HF were plated at 450 cells/cm2 density on the bottom of 60 mm Petri dishes (Nunc,
Roskilde, Denmark), except for immunofluorescence assays, in which the cells were seeded
on glass coverslips placed on the bottom of the plates. One day after seeding, cells were in-
cubated with complete DMEM supplemented with 2 ng/mL of TGF-β1 (Peprotech, Rocky
Hill, NJ, USA) for an additional 12 or 13 days depending on the experiment, renewing this
conditioned culture medium every 4 days (Figure S1). Depending on the aim of the corre-
sponding experiment, a total of 5 or 10 Petri dishes were used for experimental replicate.

4.2. Electric Treatment

The procedure for RF exposure has been described in detail elsewhere [48,49]. Briefly,
11 days after seeding, pairs of sterile stainless-steel electrodes designed ad hoc for in vitro
stimulation were inserted in all Petri dishes and connected in series. Only the electrodes
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of dishes for electrical stimulation were energized using a signal generator (Indiba Activ
HCR 902, INDIBA®, Barcelona, Spain), while the remaining plates were sham-exposed
simultaneously inside an identical, separate CO2 incubator. The intermittent stimulation
pattern consisted of 5-min pulses of 448 kHz, sine wave current delivered at subthermal
densities of 100 μA/mm2, separated by 4-h interpulse lapses, and administered for a total
of 12, 24, or 48 h. Such exposure parameters have been shown to stimulate the proliferation
and early differentiation of human, adipose-derived stem cells [20,21,50] and in human
dermal fibroblasts and keratinocytes [2].

4.3. XTT Proliferation Assay

Cell proliferation was determined with XTT assay (Roche, Switzerland). After 48 h
of CRET or sham treatment, the cells were incubated for 3 h with the tetrazolium salt
XTT in a 37 ◦C and 6.5% CO2 atmosphere, as recommended by the manufacturer. The
cell culture confluence reached 60–70%. The metabolically active cells reduced XTT into
colored formazan compounds that were quantified with a microplate reader (TECAN,
Männedorf, Switzerland) at a 492 nm wavelength. At least 3 experimental replicates per
cell type were conducted.

4.4. TUNEL Assay

Apoptosis in cultures was assessed with the TUNEL assay. For this, the DeadEndTM

Fluorometric TUNEL System (Promega, Madison, WI, USA) was used. Cells treated for
48 h with CRET or sham exposure were fixed with 4% paraformaldehyde (Merck, Darm-
stadt, Germany) and then proceeded according to the manufacturer’s instructions. The
fluorescence of apoptotic cells was detected with fluorescence microscopy. Nuclei were
counterstained with ProLongTM Gold antifade reagent whit DAPI (Invitrogen, Eugene,
OR, USA). TUNEL+ cells were assessed using an inverted fluorescence microscope (Nikon
Eclipse Ts2R, Nikon, Tokyo, Japan) coupled to a digital camera (Nikon DS-Ri2). Photomicro-
graphs were taken and the images were computer-analyzed with NIS-Elements Br image
software (version 4.40, Nikon, Japan). TUNEL+ cell identification and quantification were
based on fixed thresholds of fluorescence (MHC mode) determined and automated for all
images at the beginning of the analysis. The values obtained were normalized with respect
to the number of cells per field. Three experimental replicates were performed.

4.5. Wound Assay

In each experimental replicate of the wound closure assay, HF were seeded on 8 plates
and incubated at 37 ◦C. After 10 days of incubation with TGF-β1, a wound was scratched
on the confluent monolayer of each of the plates, using a glass pipette tip. Dishes were
washed with PBS (Gibco) to eliminate debris, and the cultures were maintained in high-
glucose D-MEM medium supplemented with 10% inactivated fetal bovine serum (Gibco),
1% glutamine, 1% penicillin-streptomycin (Gibco), and 2 ng/mL of TGF-β1. Next, 4 plates
were exposed to CRET for 24 or 48 h, while the remaining plates were sham-exposed
for the same intervals. At 0, 24 and 48 h after scratching, 6 micrographs were taken of
3 equidistant points in the wounds, using a digital camera (Nikon DS-Ri2) coupled to
an inverted microscope (Nikon Eclipse Ts2R). The wound closure rate was determined
with dual analyses of the obtained images, using standard Photoshop software (Adobe
Photoshop CS3, Extended version 10.0). Five experimental replicates were performed.

4.6. Immunofluorescence for α-SMA, Collagen Type I and Collagen Type III

At the end of 48 h RF- or sham-exposure, the samples were fixed with 4% paraformalde-
hyde (Merck, Darmstadt, Germany) and incubated overnight at 4 ◦C with mouse mono-
clonal anti- α-smooth muscle actin antibody α-SMA (1:400; cat. no. A 2547; Sigma Aldrich,
St. Louis, MO, USA), rabbit polyclonal anti-collagen type I antibody (1:400; cat. no. NB600-
408-0.1 mg; Novus; Centennial, CO, USA) and rabbit polyclonal anti-collagen type III alpha
1 antibody (1:400, cat. no. NB600-594SS; Novus; CO, USA). Afterwards, the samples were
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fluorescence-stained with Alexa FluorTM 568 goat anti-mouse IgG (1:500; cat. no. A11031;
Invitrogen; Eugene, OR, USA) or Alexa FluorTM 488 goat anti-rabbit IgG (1:500; cat. no.
A11031; Invitrogen) for 1 h at room temperature, and the cell nuclei were counterstained
with ProLongTM Gold antifade reagent whit DAPI (Invitrogen). Photomicrographs were
taken using an inverted fluorescence microscope (Nikon Eclipse Ts2R) coupled to a digital
camera (Nikon DS-Ri2) and the images were computer-analyzed with NIS-Elements Br
image software (Nikon). Fluorescence intensity measurement per MHC channel was used
to assess the fluorescence of samples labeled with Alexa Green or Alexa Red. Prior to
analysis, MHC mode fluorescence thresholds were set and applied to all images. The
values obtained were normalized with respect to the number of cells per field. At least
three replicates of each protein were performed.

4.7. Immunoblot for α-SMA, MMP1, MMP9, ERK, P-ERK, NF-κB and p-NF-κB

Cultures were RF- or sham-exposed for 12 or 24 h. At the end of electric treatment, the
cells were lysed for protein extraction. The immunoblot procedure has been described in de-
tail elsewhere [21,48]. Briefly, the protein samples (100 μg protein aliquots) were separated
in 10% sodium dodecyl sulphate-polyacrylamide gel and electrophoretically transferred
to nitrocellulose membrane (Amersham, Buckinghamshire, UK). Blots were incubated at
4 ◦C overnight in mouse monoclonal anti- α-smooth muscle actin antibody α-SMA (1:400;
cat. no. A 2547; Sigma Aldrich), rabbit monoclonal anti-MMP-9 antibody (1:1000, cat. no.
ab76003; Abcam, Cambridge, UK), rabbit monoclonal anti-MMP1 antibody (1:1000; cat.
no. ab134184; Abcam), rabbit monoclonal anti-p44/42 MAPK (ERK1/2) (1:1000; cat.no.
4695; Cell Signaling, Danvers, MA, USA), rabbit polyclonal anti Phospho-ERK1/ERK2),
mouse monoclonal anti-NF-KB p65 (f-6) (1:1000; cat.no.sc-800; Santa Cruz, CA, USA), and
rabbit monoclonal anti-phospho-NF-κB p65 (Ser536) (93H1) (1:1000; cat.no. 3033; Cell
Signaling). Rabbit polyclonal anti-GAPDH antibody (1:500, cat. No. sc-25778; Santa Cruz
Biotechnology) was used as loading controls. The membranes were incubated for one
hour at room temperature with anti-mouse IgG horseradish peroxidase conjugated anti-
body (1:10,000 NA931; GE Heathcare, Hatfield, UK) and with anti-rabbit IgG horseradish
peroxidase conjugated antibody (1:5000 NA934; GE Heathcare). Then, the membranes
were scanned with a Bio-Rad imaging system (Hercules, CA, USA). The obtained bands
were densitometry evaluated (PDI Quantity One 4.5.2 software, BioRad). At least three
experimental replicates were conducted per protein. All values were normalized over the
loading control.

4.8. Statistical Analysis

All procedures and analyses were conducted in blind conditions for treatment. At least
three independent replicates were conducted per experiment or exposure interval. Results
were expressed as means ± standard deviation (SD) or standard error of the mean (SEM).
Unpaired Student’s t-test was applied using GraphPad Prism 6.01 software (GraphPad
Software, San Diego, CA, USA). Differences p < 0.05 were considered significant statistically.

5. Conclusions

This study reveals that CRET therapy could act on cutaneous fibrosis, reducing the
fibrotic extracellular matrix, intervening in the control of the expression of the proteins
involved in its degradation, and reducing the activation of pro-inflammatory transcription
factors such as NFkB. Thus, this study provides some of the biological bases of the effects
of CRET. However, although the results would suggest the utility of this therapy for the
treatment of cutaneous fibrosis, a deeper understanding of the cellular and molecular
mechanisms of response to CRET is necessary. On the other hand, this study was carried
out in vitro, which is a limitation for direct extrapolation to patients. Thus, it is essential to
carry out studies at the organism level and preferably in humans through clinical trials, to
determine the real usefulness of CRET therapy in this pathology.
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Abstract: Vitiligo is a complex disease with a multifactorial nature and a high impact on the quality
of life of patients. Although there are multiple therapeutic alternatives, there is currently no fully
effective treatment for this disease. In the current era, multiple drugs are being developed for the
treatment of autoimmune diseases. This review assesses the available evidence on the pathogenesis
of vitiligo, and a comprehensive review of treatments available for vitiligo now and in the near
future is provided. This qualitative analysis spans 116 articles. We reviewed the mechanism of
action, efficacy and safety data of phototherapy, afamelanotide, cyclosporine, phosphodiesterase
4 inhibitors, trichloroacetic acid, basic fibroblast growth factor, tumor necrosis factor (TNF) inhibitors,
secukinumab, pseudocatalase and janus kinase (JAK) inhibitors. At the moment, there is no clearly
outstanding option or fully satisfactory treatment for vitiligo, so it is necessary to keep up the
development of new drugs as well as the publication of long-term effectiveness and safety data for
existing treatments.

Keywords: vitiligo; JAK inhibitor; pathogenesis; therapeutics

1. Introduction

Vitiligo is a disease characterized by the appearance of white depigmented patches
on the skin due to a selective loss of melanocytes [1]. It affects 0.1–2% of the world’s
population, with no significant differences in gender, ethnicity or geographic region [2,3].
Although it is not a disease that shortens life expectancy, it causes a significant negative
psychological impact, comparable to other skin diseases such as eczema or psoriasis [4,5].

Vitiligo is a disease that is currently classified as an autoimmune disease [6]. It is a
complex disease, in which genetics plays an important, but yet not fully elucidated role [7].
Heritability—the fraction of disease risk attributable to genetic variation—is high, estimated
to be in European population between 0.75 and 0.83 [8]. More than 50 susceptibility loci
for vitiligo have been discovered [7]. However, the occurrence of vitiligo is not solely
explained by genetic factors: instead, the convergence theory proposes that vitiligo occurs
as a result of the interaction between immunological, biochemical and environmental
factors in genetically predisposed patients [9].

There are several reviews of the literature on medical treatments for vitiligo. These in-
clude reviews of specific emerging drug groups such as anti-JAK drugs [10], the emergence
of new drugs in animal research [11] or global considerations in vitiligo [12].

Herein, we provide an updated review of the molecular pathogenesis of vitiligo, as
well as a review of new treatments currently being studied from a clinical perspective
without losing the molecular approach.

2. Pathogenesis of Vitiligo

2.1. Autoimmunity

Cell-mediated immunity drives vitiligo.

It is postulated that the main mechanism by which vitiligo is initiated and perpetuated
is cell-mediated immunity [13]. There is ample evidence to support this theory, such
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as the existence of CD8+ T-cell infiltrates in skin biopsies taken at the margin of vitiligo
lesions [14]. In addition, patients with vitiligo have a higher number of CD8+ T cells that are
autoreactive to melanocyte-specific antigens such as tyrosinase, Melan-A/MART-1, gp100,
TRP-1 and TRP-2 [15]. These autoreactive cells have been shown to induce vitiligo-like
lesions in autologous skin tissue ex vivo [16]. Finally, another finding that supports the
involvement of cell-mediated immunity is the high prevalence—up to 4%—of vitiligo-like
lesions in patients treated with immunotherapy for melanoma [17]. This immunotherapy
blocks T-cell checkpoint inhibitors, thus allowing these T cells to act uncontrollably on
melanocytes [18].

Vitiligo pathogenesis acts through the activation of the JAK-STAT pathway.

The action of these T cells is highly dependent on the interferon gamma chemokine
(IFN-γ) axis [19]. T cells secrete IFN-γ, which induces the production of chemokines CXCL9
and CXCL10 by keratinocytes [20]. These chemokines bind to the T-cell receptor CXCR3,
increasing T-cell recruitment, thereby leading to the initiation, progression and maintenance
of vitiligo lesions [21].

The IFNγ pathway is related to the JAK-STAT pathway through IFNγ binding to a
specific cell surface receptor (IFNγR), which forms a heterodimeric protein that activates
JAK proteins via phosphorylation. JAK proteins phosphorylate STAT, thereby activating it.
Phosphorylated STAT proteins translocate to the nucleus and act as a transcription factor,
thereby binding to DNA, regulating transcription of a variety of genes and affecting cell
growth and apoptosis [22]. This is the physiological basis of JAK inhibitors’ utility in the
treatment of vitiligo [23].

Resident memory T cells play an important role in the persistence and relapse of vitiligo.

In addition, the importance of resident memory T cells (TRM cells) has been identified
in multiple studies. These are a type of CD8+ T cells expressing CD69, CD103 and CD49a
that have the ability to remain in tissues and induce early immune responses [24]. It has
been shown that there is a large population of TRM cells in vitiligo skin, which appear to be
involved in relapse induction by recruiting circulating T cells through the release of IFN-γ
pathway cytokines [25].

IL-15 has a central role in the maintenance and function of TRM cells.

IL-15 and IL-7 are key cytokines in the generation and maintenance of memory T
cells [26]. IL-15-deficient mice show reduced production of TRM cells, and IL-15 promotes
TRM cell function ex vivo.

Therefore, blockade of one of the IL-15 receptor subunits (CD122) [27] has been tested
in murine models of vitiligo with a specific monoclonal antibody, leading to a decrease in
short-term effector function of TRM cells through a reduction in IFNγ production, resulting
in significant repigmentation in the group of mice treated. In addition, long-term depletion
of TRM cells, as well as other memory T-cell pools, was observed [21]. This is a mechanism
that has been explored in the search for new therapeutic targets.

Humoral immunity does not play a central role in the pathophysiology of vitiligo.

On the other hand, humoral immunity does not appear to be fundamental for the
pathogenesis of vitiligo, as serum titers of melanocyte-reactive antibodies do not correlate
with disease activity [28] and the uniform distribution of circulating antibodies cannot
explain the patchy appearance of vitiligo lesions [29].

2.2. Oxidative Stress

Another key element in the pathogenesis of vitiligo is the impact of oxidative stress.
Available evidence suggests that oxidative stress may be the initial event that triggers the
appearance of lesions [30]. Vitiligo patients’ melanocytes are more sensitive to oxidative
stress, and they are more difficult to culture than melanocytes from healthy controls [31].

The skin of patients with vitiligo shows alterations in the antioxidant system.
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Melanocytes release reactive oxygen species (ROS) in response to cellular stress. In
addition, melanogenesis itself is an active process that generates a pro-oxidant state in
the skin [32]. All this leads to an imbalance between pro-oxidants and anti-oxidants. Pro-
oxidant molecules and enzymes are favored, such as superoxide dismutase (responsible for
the degradation of the O2

− radical into H2O2 and O2) and xanthine oxidase, whereas there
is a total or functional deficit of antioxidants, such as catalase (which transforms H2O2 into
H2O and O2) [33].

This increases cells’ susceptibility to external and internal oxidants, leading to struc-
tural damage to DNA, proteins and lipids, as well as cell organelles such as mitochon-
dria [34], with a functional impairment of the melanocyte.

ROS production triggers the activation of protective molecular pathways.

Oxidative stress to which melanocytes are exposed alters the protein folding machinery
of the endoplasmic reticulum, leading to the accumulation of defective peptides and
activating a cellular stress phenomenon known as the “unfolded protein response” (UPR).
ROS also trigger the overexpression of calcium-channel-related proteins such as CGRP
(calcitonin gene-related peptide) and TRPM2 (transient receptor potential cation channel
subfamily M member 2), which are involved in mitochondria-dependent melanocyte
apoptosis [33].

Melanocytes in vitiligo have also been shown to be deficient in protective pathways
against oxidative stress such as the nuclear factor E2-related factor (Nrf2)-p62 pathway,
which makes them more vulnerable to the presence of ROS [1].

Oxidative stress leads to T-cell activation.

In connection with the other fundamental pathogenic mechanism already mentioned,
oxidative stress in patients with vitiligo leads to an increase in local levels of the cytokine
CXCL16 due to the activation of the UPR in stressed keratinocytes. This increased expres-
sion of CXCL16 leads to the recruitment of CD8+ CXCR6+ T cells, whose expression is
accompanied by loss of melanocytes in vitiligo patients [35]. A similar T-cell recruitment
phenomenon occurs upon release of CXCL12 and CCL5 from melanocytes under oxidative
stress, as demonstrated in animal models [36].

Finally, the presence of oxidative stress leads to a decrease in WNT expression, which
negatively affects melanocyte differentiation, especially in skin affected by vitiligo in ex
vivo skin models [37].

Oxidative stress may be responsible for the presence of the Koebner phenomenon
in vitiligo.

Oxidative damage may be the mechanism that explains the Koebner phenomenon in
vitiligo. According to this model, chronic mechanical stimulation of susceptible skin leads
to increased release of oxidative particles. This oxidative damage alters the expression
of cadherins that bind keratinocytes and melanocytes, thereby decreasing melanocyte
adhesion and inducing the appearance of depigmented lesions [38].

3. Literature Search

For the first part of the narrative review (introduction and pathogenesis of vitiligo), a
PubMed search was performed using the terms “Vitiligo”, “Vitiligo AND pathogenesis”
and “Vitiligo AND genetics”. A collaborative selection was carried out among all authors
of the most relevant articles related to this topic. Original articles, systematic and narrative
reviews, guidelines and protocols were included. All sources with a similar level of
evidence were analyzed, compiled and structured, and they are summarized in Section 1 of
this review.

An expert consensus on vitiligo has recently been published, which provides a brief
review of the therapeutic tools available for the treatment of vitiligo and makes specific
recommendations for its use [39]. This document provides recommendations for the
use of several well-established therapeutic modalities in the treatment of vitiligo: topical
corticosteroids, topical immunomodulators, phototherapy, home light therapy, oral steroid
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minipulses, surgery and depigmenting therapies. These therapies are already established
in routine clinical practice, so for the design of this review, their individual discussion
was not considered. Despite this, the terms related to these therapies were included in
the literature search so as not to rule out articles discussing the combination of these
traditional modalities with other newer therapies. These conventional treatments will be
briefly discussed at the end of this review.

For the literature search, the drugs mentioned in this expert consensus as drugs with
little available evidence (methotrexate, cyclosporine, JAK inhibitors, anti-TNF α, IL-17
inhibitors and catalase) were included, as well as drugs mentioned in other reviews on the
treatment of vitiligo [11] and other treatments known to us from our own clinical experience
or from having been presented at medical congresses related to the subject.

Therefore, for the second part of the narrative review (new and emerging treatments),
a PubMed search was conducted using the terms: (vitiligo) AND (afamelanotide OR JAK
inhibitor OR ritlecitinib OR baricitinib OR ruxolitinib OR fluorouracil OR methotrex-
ate OR FGF OR fibroblast growth factor OR laser OR apremilast OR crisaborole OR
phosphodiesterase-4 inhibitor OR home light therapy OR home light phototherapy OR
trichloroacetic acid OR THF inhibitor OR secukinumab) on 12 June 2023.

Firstly, the titles and abstracts of the articles obtained in the first search were reviewed
to assess relevant studies. The inclusion criteria were (1) studies written in English or
Spanish; (2) studies addressing effectiveness, tolerability and adverse effects of approved,
off-label and under-research treatments for vitiligo. Systematic and narrative reviews,
guidelines, protocols and conference abstracts were excluded. Articles prior to the year
2003 were excluded. Articles reporting surgical and non-surgical procedures except pho-
totherapy were also excluded.

Secondly, the full text of articles that met the inclusion criteria was reviewed. Previous
systematic and narrative reviews were examined to ensure the accuracy of our search and
to manually check their reference lists. Figure 1 shows the article selection process used for
this narrative review.

Figure 1. Flow chart showing the article selection process used in this narrative review.

4. Conventional Treatments

4.1. Phototherapy

Phototherapy in its different modalities (narrow-band ultraviolet B (NB-UVB), pho-
tochemotherapy, home-based and excimer or laser devices) has been a mainstay in the
treatment of vitiligo for decades [40]. Its effect seems to be justified by the induction
of T-lymphocyte apoptosis, the down-regulation of inflammatory cytokines (decreasing
CXLCL9 and CXCL10 expression at keratinocytes) and the up-regulation of interleukin-10,
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which induces T-regulatory lymphocyte differentiation. Phototherapy also decreases the
number of intraepithelial Langerhans cells and induces tyrosinase activity, thereby increas-
ing melanin production as well as melanocyte proliferation and migration from epidermal
hair follicles, favoring repigmentation of the affected area [41].

Throughout the last century, the efficacy of phototherapy in vitiligo, especially psolaren-
UVA (PUVA) and NB-UVB, has been widely reported [39]. In recent years, scientific efforts
have been especially oriented toward studying the efficacy of the emerging home-based
phototherapy as well as targeted phototherapy.

Regarding the use of home-based NB-UVB phototherapy, a single-branched study con-
ducted by Khandpur et al. [42] demonstrated its utility in vitiligo, while Eleftheriadou et al. [43]
showed its efficacy compared to a placebo. When compared to hospital-based NB-UVB,
similar efficacy has been demonstrated based on various endpoints (VASI, VitiQoL, BSA)
in different clinical trials [44–46] and a retrospective study [47]. In one of the studies,
patient-perceived satisfaction was significantly lower in home-based phototherapy [47]. Re-
garding intervention cost, all studies are consistent in reporting that home-based NB-UVB
is cheaper in the long term despite the initial investment required, especially after 3 months
of treatment [44]. Some studies showed an increase in intervention-related adverse effects
(especially grade 3 erythema or burns) with home-based phototherapy [44,46].

Regarding targeted phototherapy, Raghuwanshi et al. [48] reported a 37% moderate
response and a 4.5% excellent response in 134 patients with localized vitiligo treated weekly
for 11 weeks with targeted NB-UVB. The use of an excimer lamp could be especially
useful in localized vitiligo on the face, as recently reported by Juntongjin et al. [49]. A
study involving 44 patients found no statistically significant difference in the efficacy of
home-based NB-UVB when compared with a hospital excimer lamp [50].

In conclusion, phototherapy remains a cornerstone in the management of vitiligo,
especially in generalized vitiligo, as confirmed by Sakhiya et al. [51] in a retrospective study
including 3000 patients comparing its efficacy with that of topical treatment. Targeted
phototherapy modalities appear to be a useful alternative in localized forms of vitiligo.
Home-based phototherapy provides a cost-effective alternative for prolonged treatments.

4.2. Afamelanotide

Afamelanotide is a potent synthetic linear analogue of α-MSH in a controlled-release
formulation. Subcutaneous injections result in increased skin pigmentation owing to
increased expression of eumelanin. In recent years, pivotal pilot studies [52–54] have
been undertaken to assess the effectiveness of afamelanotide in conjunction with NB–
UV-B phototherapy for repigmenting non-segmental vitiligo. These studies included
a comparison to NB–UV-B phototherapy as the control. During these investigations,
patients underwent NB–UV-B phototherapy sessions 2–3 times weekly for 6–7 months. This
regimen was either combined or not with a subcutaneously administered 16 mg implant
of afamelanotide every 28 days for a duration of 4 to 6 months. The results demonstrated
the superiority of the combination therapy group over the NB–UV-B monotherapy group
in the experimental studies [53,54] A higher percentage of patients in the combination
therapy group achieved repigmentation, and this occurred at earlier time points. In the
observational study of Grimes et al. [52], a median of 66.25% repigmentation (ranging from
50% to 90%) was obtained, with 75% of cases exhibiting stability after 3 months. The most
common secondary effects were hyperpigmentation along with limited cases of headaches,
dizziness and nausea reported.

4.3. Cyclosporine

In addition to its classic role in arresting vitiligo progression, cyclosporine might be
useful as an adjunctive treatment in an autologous noncultured melanocyte–keratinocyte
cell transplantation (NCMKT) procedure. Although an in-depth description of NCMKT is
beyond the remit of this review, the incorporation of cyclosporine has been proposed to
ameliorate the depigmented halo surrounding the transplantation—an aesthetically signifi-
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cant sequelae frequently ascribed to the presence of CD8 T lymphocytes in perilesional skin.
In accordance with this premise, Mutalik et al. [55] conducted a study involving 50 patients
with stable localized vitiligo who underwent NCMKT. Of these, 25 received cyclosporine
at a dosage of 3 mg/kg for 3 weeks, followed by 1.5 mg/kg for 6 weeks, in contrast to the
control group, which received no adjuvant treatment. Consequently, all patients in the
cyclosporine-treated group achieved a repigmentation percentage exceeding 75% (median
90.7%), whereas only seven individuals in the control group reached this threshold.

5. New and Emerging Therapies

5.1. Phosphodiesterase 4 (PDE-4) Inhibitors

PDE-4 physiologically degrades cyclic adenosine monophosphate (cAMP) to 5′-adenosine
monophosphate. Inhibition of this enzyme increases intracellular cAMP and thus modifies
the regulation of inflammatory mediators. These include a decrease in IL-17, 23, alfa-
TNF and gamma-interferon while increasing IL-10, overall decreasing proinflammatory
cytokines (which are increased in vitiligo-affected skin) and increasing suppressive cy-
tokines [56,57]. The available evidence for PDE-4 inhibitors in vitiligo is limited to oral
apremilast and a case report of topical crisaborole.

Regarding apremilast, all selected studies utilize a dose of 30 mg twice daily [57–62]. In
2019, a case series [58] and a case report [57] showed the utility of apremilast in monother-
apy in vitiligo. Two clinical trials compared the improvement with the addition of apremi-
last to NB-UVB treatment with conflicting results [60,61]. Recently, Sharma et al. [62] have
reported an improved response of vitiligo after adding apremilast to standard treatment.
In most studies, headache and gastrointestinal discomfort have been reported as the main
adverse effects of the treatment.

Apremilast seems to provide a comfortable option with an acceptable safety profile for
vitiligo patients; however, its cost and conflicting evidence concerning its efficacy require
further research in order to establish specific recommendations.

5.2. Trichloroacetic Acid (TCA)

The mechanism by which TCA induces repigmentation is presumably related to the
ability to induce inflammation and subsequent post-inflammatory hyperpigmentation [63].
In addition, TCA-induced necrosis and subsequent trauma could theoretically stimulate
melanocyte proliferation through the production of pro-opiomelanocortin and melanocortin
and the release of growth factors and inflammatory mediators [64].

Regarding reported efficacy, Nofal et al. [63] published a 100-patient study reporting
an 80% response rate in eyelid vitiligo, with a lower response rate in the face, torso
and extremities with the application of variable concentrations of TCA every 2 weeks
for 12 months. Two studies investigated the combination of microneedling and TCA,
interestingly finding better response rates with the application of 70% TCA [65] than with
100% TCA [66]. The single application of 15% TCA in combination with NB-UVB achieved
an excellent response in 70% of patients in a clinical trial [67]. Reported adverse effects
included pain, erythema, post-inflammatory hyperpigmentation, infection and scarring.

Further research is needed on the role of TCA application in the treatment of vitiligo
in monotherapy or as an adjuvant as well as to define optimal concentrations of TCA for
vitiligo depending on location.

5.3. Basic Fibroblast Growth Factor (bFGF)

bFGF is a growth factor released by keratinocytes in response to certain stimuli.
Its potential benefit in vitiligo seems to be related to its key role in melanocyte growth,
migration and survival. In this regard, an increase in the release of growth factors, mainly
bFGF, by keratinocytes after the application of NB-UVB has been observed [68].

Concerning its efficacy, an upgraded response has been found according to disease
scales with the addition of bFGF-related decapeptide 0.1% solution treatment to tacrolimus
0.1% topical therapy in stable vitiligo [69] and to PUVA therapy [70]. Monotherapy appli-
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cation of bFGF-related decapeptide 0.1% solution in a retrospective study in 65 patients
showed a 12% significant response at 5 months [71].

5.4. TNF Inhibitors

The existing data on the potential correlation between vitiligo and anti-TNF-α agents
remain inconclusive due to limited evidence. Recent investigations into the utilization of
anti-TNFs for vitiligo treatment have yielded controversial outcomes, characterized by a
predominantly low level of evidential support in the current literature. Upon a thorough
examination of the latest publications in this field, we have compiled data from case series
therapeutic trials involving two patients treated with subcutaneous adalimumab [72], three
patients with intravenous infliximab [72,73] and seven patients administered subcutaneous
etanercept [72,74,75]. All subjects exhibited generalized vitiligo vulgaris, with the body
surface area (BSA) ranging between 10% and 30%. Among these cases, there are only
two reported instances wherein infliximab and etanercept demonstrated potential efficacy
in vitiligo therapy. In the remaining cases, although no exacerbation in depigmented
areas was observed, repigmentation was not achieved in any patient. Consequently, it
can be concluded that anti-TNF-α agents have not proven effective in the treatment of
vitiligo, based on current evidence. Larger-scale and long-term studies are warranted to
comprehensively assess the efficacy of anti-TNF-α agents in vitiligo treatment.

5.5. Secukinumab

A vitiligo paradoxical adverse reaction following TNF-α agents has been documented
during psoriasis treatment. The management of such cases poses a notable challenge. A
recent case report describes the onset of vitiligo after the administration of adalimumab
for psoriasis treatment [76], leading to its suspension and the initiation of secukinumab,
an anti-interleukin-17A monoclonal antibody approved for psoriasis treatment. Complete
repigmentation of vitiligo lesions and resolution of psoriasis were achieved. Despite
empirical evidence affirming elevated circulating interleukin-17 (IL-17) levels and increased
Th17 lymphocyte counts in vitiligo patients, along with heightened expression levels of IL-
17A messenger RNA in vitiligo lesions [77], the precise role of IL-17 remains elusive. Further
research is needed to elucidate IL-17’s role and ascertain its viability as a therapeutic target.

5.6. Pseudocatalase

The oxidative stress observed in vitiligo, related to hydrogen peroxide (H2O2)-mediated
lipid peroxidation, constitutes an additional proposed mechanism contributing to the
pathogenesis of vitiligo. This phenomenon has been observed in vivo through direct
measurements of H2O2 levels within the depigmented epidermis. Notably, synthetic cata-
lysts capable of oxidizing H2O2 to O2 and H2O can eliminate epidermal H2O2 [78]. One
such active catalyst is a NB-UV-B-activated bis-MnII(EDTA)2(HCO3

−)2 complex (EDTA,
ethylenediaminetetraacetate), denoted as “pseudocatalase PC-KUS”. This topically applied
pseudocatalase has been proposed as a potential agent to arrest disease progression. The
most extensive patient cohort treated with this approach was documented by Schallreuter
et al. Their study enrolled 71 patients presenting generalized vitiligo, categorized in two
groups: control group of 10 patients subject to NB-UVB radiation and 61 individuals also re-
ceiving daily topical application of pseudocatalase. Cessation of progression was achieved
in 99% of patients with low-dose PC-KUS, compared with 30% in the control group. Also,
repigmentation rates above 75% were achieved in most body areas except acral areas, with
results showing statistically significant differences compared with the control group.

In the most extensive patient cohort, documented by Schallreuter et al. [79], 61 individ-
uals received daily topical application of pseudocatalase with NB-UVB radiation versus a
control group of 10 patients treated with NB-UVB radiation alone. Cessation of progression
was achieved in 99% of patients with low-dose PC-KUS, compared with 30% in the control
group. Also, repigmentation rates above 75% were achieved in most body areas except
acral areas, with results showing statistically significant differences.
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These were promising results; however, subsequent clinical trials conducted by
Patel et al. [80], Bakis-Petsoglou et al. [81] and Alshiyab et al. [82], among others, proved
that the use of pseudocatalase was not superior to the use of placebo cream or was not
associated with a therapeutic effect when combined with other treatments. In conclusion,
despite initial promise, pseudocatalase has not demonstrated efficacy in the management
of vitiligo, as evidenced by several clinical trials.

5.7. JAK Inhibitors

JAK-STAT pathway inhibition is a promising target for the treatment of vitiligo [83].
Elevated levels of interferon gamma (IFN-γ) have been observed in human skin with
vitiligo, which activates via JAK 1/2 the transcription of the cytokines CXCL9 and CXCL10.
These cytokines are necessary for the recruitment of cytotoxic T-lymphocytes, which are
responsible for melanocyte destruction [84]. This is the reason why inhibition of JAK
proteins is postulated as an effective therapeutic strategy for the treatment of vitiligo.

5.7.1. Case Reports and Case Series

Clinical experience with JAK inhibitors (iJAKs) dates back to 2015 and 2016 with
isolated case reports. Craiglow et al. [85] published a case report in 2015 in which an
off-label therapeutic trial with oral tofacitinib (JAK 1 and JAK 3 inhibitor) was performed
in a patient with generalized vitiligo, presenting almost complete repigmentation in the
forehead and hands after 5 months of treatment. In 2016, Harris et al. [86] published
another report in which oral ruxolitinib was initiated in a patient with coexisting vitiligo
and alopecia areata. A great improvement in facial vitiligo was achieved after 20 weeks of
treatment, although there was loss of pigment after withdrawal of the drug. There are other
case reports in which oral tofacitinib is initiated for other pathologies and improvement of
concomitant vitiligo is achieved, such as in the reports of Komnitski et al. [87] in a patient
with rheumatoid arthritis and Vu et al. [88]’s report in which a marginal improvement of
vitiligo was observed in a patient in whom tofacitinib was initiated for atopic dermatitis
and alopecia areata. Other case reports have been published reporting improvement
of vitiligo with oral iJAKs, both with tofacitinib [89] and with other drugs such as oral
baricitinib, as shown in the article by Li et al. [90] in which two patients treated with
baricitinib, phototherapy and topical corticosteroids and calcineurin inhibitors showed
great improvement, or even upadacitinib, as in a patient with concomitant atopic dermatitis
described in Pan et al.’s [91] article as having great facial repigmentation after starting
this drug.

A number of case series have also been published in which oral tofacitinib was tested
off-label for the treatment of vitiligo. These case series have shown heterogeneous results:
Liu et al. [92] present a case series of 10 patients in which only 5 showed improvement
with oral tofacitinib in sun-exposed areas or in concomitance with phototherapy. These
results are consistent with those of Gianfaldoni et al. [93], who combined treatment with
oral tofacitinib with phototherapy and achieved a better repigmentation rate (reaching 92%
repigmentation) than with phototherapy alone. However, not all reports have yielded the
same results. For instance, Fang et al. [94], in a first study, observed a poor response to
treatment with oral tofacitinib and phototherapy with narrow-band UVB in four patients,
although in a second study, they did find an improvement after treatment with oral
tofacitinib and phototherapy with a 308 nm excimer light [95].

Finally, a series of 12 patients treated with oral upadacitinib in monotherapy has
recently been published, which, in line with the results of studies with other oral iJAKs,
showed moderate improvement, especially in the facial area [96].

No serious adverse effects were reported after treatment with oral iJAK, with the only
adverse events reported being upper respiratory infection [92] and worsening of acne [91],
with most patients being asymptomatic.

Multiple case reports and real-life case series have also been published reporting the
effectiveness and safety data of topical iJAK.
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In 2018, Joshipura et al. [97] reported on two patients treated with 1.5% ruxolitinib
cream, who showed an improvement of vitiligo in sun-exposed areas.

Most reports, however, refer to topical iJAK tofacitinib cream in its 2% formulation.
The studies by McKesey et al. [98], Mobasher et al. [99], Olamiju et al. [100] and Berbert-
Ferreira et al. [101] reported the results of treatment of vitiligo with tofacitinib 2% cream in
a total of 29 patients, allowing treatment with concomitant phototherapy. In all of these
publications, a high degree of facial repigmentation was observed, with mixed results in
extrafacial locations.

Local and systemic adverse effects have been reported with topical iJAK. Two patients
treated with 1.5% ruxolitinib cream presented myalgias, which caused self-discontinuation
on both of them. One of the patients even presented mild elevation of the phosphokinase
level (CPK) [102]. Adverse effects with 2% tofacitinib cream were minor, such as transient
erythema [101], skin contour changes on the chin [99] and acneiform lesions [99,101].

A synthesis of case reports and case series reported to date on the use of iJAK for
vitiligo is shown in Table 1.

Table 1. Case reports and case series reported to date on the use of iJAK for vitiligo.

Drug
Publication Data

(Author/Year/Country)

Report Data (Drug and
Route of

Administration/Patients
(n)/Treatment Duration/Area

Affected/Follow-Up)

Outcome Side Effects

Tofacitinib Craiglow et al.
[85]/2015/USA

5 mg tofacitinib citrate orally,
initially 5 mg every other day;
after 2 weeks, the dosage was

increased to 5 mg/d
1 patient with forehead, torso

and extremities vitiligo
(10% BSA) treated and followed

for 22 weeks (5 months)

Nearly complete
repigmentation of the

forehead and hands, partial
repigmentation of

extremities (5% BSA
remained depigmented)

No adverse effects,
no laboratory
abnormalities

Ruxolitinib Harris et al.
[86]/2016/USA

20 mg ruxolitinib orally, twice
daily. 1 patient with face, torso
and extremities vitiligo treated
for 20 weeks and followed for

16 more weeks

Improvement in facial
pigmentation from 0.8% to

51%. 12 weeks after
discontinuation of

ruxolitinib, much of the
regained pigment had

regressed, from 51% to 16%

No side effects

Tofacitinib Liu et al.
[92]/2017/USA

5–10 mg tofacitinib orally
QD-BID

10 patients treated for at least
3 months, an average of

9.9 months. 8 patients had
generalized vitiligo and

2 patients had primarily acral
involvement, with 1–100% BSA

A mean decrease of 5.4%
BSA involvement with

vitiligo was observed in
5/10 patients, while the other

5 patients did not achieve
any repigmentation

In the 5 patients who
achieved some reversal of
disease, repigmentation

occurred only in
sun-exposed areas of skin in

3 of them, diffusely in
another patient undergoing

concomitant full-body
nbUVB phototherapy and to
the dorsal hands in another

patient after starting
concomitant hand nbUVB

phototherapy

Upper respiratory
infection in

2 patients. 1 patient
reported weight
gain of 5 pounds

and 1 patient
reported arthralgias.
Mild elevations of

lipids were noted in
4 patients. There
were no serious
adverse events
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Table 1. Cont.

Drug
Publication Data

(Author/Year/Country)

Report Data (Drug and
Route of

Administration/Patients
(n)/Treatment Duration/Area

Affected/Follow-Up)

Outcome Side Effects

Tofacitinib Vu et al.
[88]/2017/Australia

5 mg tofacitinib orally twice
daily. 1 patient with multifocal

vitiligo treated and followed for
6 months

Patient with concomitant
atopic dermatitis and

alopecia areata, both with
great improvement.

Marginal improvement in
the vitiligo (decline in VASI

score from 4.68 at baseline to
3.95 at 5 months)

Two episodes of
self-resolving upper

respiratory tract
infections and
diarrhea, no

treatment
interruption

required

Ruxolitinib Joshipura et al.
[97]/2018/USA

Topical 1.5% ruxolitinib cream,
twice daily. 2 patients with face,

torso and extremities vitiligo
treated for 38 and 12 weeks,

respectively

Improvement in
sun-exposed areas only

(face and forearms)
No side effects

Tofacitinib Gianfaldoni et al.
[93]/2018/Italy

Tofacitinib citrate (10 mg orally
every day) + cold light generator

micro-focused phototherapy.
9 patients treated for at least

36 weeks

Repigmentation rate of 92%
in the phototherapy +

tofacitinib group, better than
the phototherapy-alone

group, in which only 72%
obtained a repigmentation

rate higher than 75%

No side effects

Tofacitinib Kim et al.
[89]/2018/USA

5 mg tofacitinib twice daily
orally and narrow-band UV-B

(360–500 mJ)
2 patients

Patient 1: face (75% area
affected), neck, torso and

extremities vitiligo, results
reported after 3 months
Patient 2: face (90% area

affected), torso and arms vitiligo,
results reported after 6 months

Patient 1: complete
repigmentation of her face,

75% or greater
repigmentation of her neck,
chest, forearms and shins,

and only minimal freckling
of the dorsal hands after full

body phototherapy
Patient 2: about 75% facial

repigmentation. No
repigmentation occurred at
the other body sites (only

facial phototherapy)
Both had previously

depigmented their faces
using monobenzyl ether of

hydroquinone (MBEH)

No side effects

Tofacitinib McKesey et al.
[98]/2019/USA

2% tofacitinib cream twice daily
in conjunction with narrow-band
ultraviolet B (NB-UVB) therapy

thrice weekly
11 patients with face vitiligo
treated for 12 ± 4 weeks and
followed for a mean time of

112 days (range 84–154)

The mean facial VASI was
0.80 (range 0.1–2.25) at

baseline and 0.23 (range
0.03–0.75) at follow-up,

which is a mean
improvement of 70%

(range 50–87%)

No side effects
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Table 1. Cont.

Drug
Publication Data

(Author/Year/Country)

Report Data (Drug and
Route of

Administration/Patients
(n)/Treatment Duration/Area

Affected/Follow-Up)

Outcome Side Effects

Tofacitinib Mobasher et al.
[99]/2020/USA

2% tofacitinib cream twice daily
Concomitant treatment with

topical steroids, topical
calcineurin inhibitors,

supplements (e.g., Polypodium
leucotomos and Ginkgo biloba)
or phototherapy was allowed

16 patients with “facial” or
“non-facial” vitiligo followed for
a mean time of 153 days (63–367)

13 experienced
repigmentation with

4 patients experiencing > 90%
repigmentation, 5 patients

experiencing 25–75%
repigmentation and

4 patients experiencing
5–15% repigmentation.

2 patients experienced no
change and 1 patient

experienced slow
progression of

depigmentation in the target
lesion. Facial lesions
improved more than

non-facial lesions (p = 0.0216)

Acne-like papules
on the face were

reported by
1 patient. These
lesions resolved
with cessation of
the medication.

1 patient reported
subtle skin contour
changes on his chin,

which led to
cessation of

treatment after
2 weeks

Tofacitinib Komnitski et al.
[87]/2020/Brazil

5 mg tofacitinib orally twice
daily. 1 patient with face, neck,
elbows, hands and feet vitiligo,

treated and followed for
104 weeks (2 years)

Complete repigmentation of
the forehead and perilabial
macules could be noted, as

well as partial
repigmentation in the

posterior region of the neck
and upper chest. No

exposition to any source of
ultraviolet radiation

No side effects

Tofacitinib Olamiju et al.
[100]/2020/USA

2% tofacitinib cream twice daily
+ narrow-band ultraviolet B

phototherapy using a handheld
unit 1 patient with face

(segmental vitiligo) treated for
6 months and followed for 1 year

Freckling was observed
within 4 weeks, almost

complete repigmentation
after 3 months and complete
repigmentation at 6 months.

The patient discontinued
treatment after another

month, and the area
remained fully repigmented
for approximately 6 months
before a few depigmented
macules began to reappear

No side effects

Ruxolitinib Narla et al.
[102]/2020/USA

1.5% ruxolitinib cream twice
daily, for 2 patients presenting

non-segmental vitiligo
Unspecified

Myalgias, which
caused self-

discontinuation in
both patients. One

of the patients
presented mild
elevation of the
phosphokinase

level (CPK)
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Table 1. Cont.

Drug
Publication Data

(Author/Year/Country)

Report Data (Drug and
Route of

Administration/Patients
(n)/Treatment Duration/Area

Affected/Follow-Up)

Outcome Side Effects

Tofacitinib Berbert-Ferreira et al.
[101]/2021/Brazil

2% tofacitinib ointment twice
daily only on facial lesions,

combined with NB-UVB
phototherapy, 3 times a week.

The total dose for the face
vitiligo was 1000 mJ/cm2

1 patient presenting stable
non-segmental vitiligo with

acrofacial involvement treated
for 9 months

Significant repigmentation of
the forehead, nose, eyes and

lips was observed

Minor adverse
events such as
erythema and
transient acne

Tofacitinib Fang et al.
[94]/2021/Taiwan

5 mg tofacitinib orally once daily
concomitant with nbUVB

phototherapy. 4 patients with
torso, arms, hands and leg

vitiligo treated for 16 weeks

3 out of the 4 patients
presented minimal or no
change on vitiligo lesions.

Only 1 of the patients had a
partial response, with 14/42

(33%) of lesions showing
signs of repigmentation. The

results indicate that 5 mg
daily tofacitinib concomitant
with nbUVB phototherapy

for 16 weeks is not sufficient
for treating patients who
showed an inadequate
response to previous

treatments

No side effects

Tofacitinib Fang et al.
[95]/2021/Taiwan

5 mg tofacitinib orally daily
and 308 nm excimer light

three times weekly
3 patients with torso, arms,
hands, legs and feet vitiligo

treated for 12 weeks

All patients had
repigmentation and the

mean reduction in VES was
32.7% (decreases of 38%, 44%
and 16% in patients 1, 2 and

3, respectively). Of the
44 lesions, 14 (32%) showed

follicular-patterned
repigmentation, and of these,
6 repigmented lesions (43%)
were in areas that were not
sun-exposed regions. Acral

lesions showed poor response

No side effects

Baricitinib Li et al.
[90]/2022/China

2 mg baricitinib orally twice
daily + phototherapy + topical
tacrolimus + topical steroids

2 patients with face, torso and
extremities vitiligo treated for

6 months and 8 months,
respectively

In patient 1, significant
repigmentation after

8 months; in patient 2, over
75% repigmentation after

6 months

No side effects

Upadacitinib Pan et al.
[91]/2023/China

15 mg upadacitinib orally daily,
combined with crisaborole.

1 patient with face, torso and
extremities vitiligo treated for

4 months and followed for
7 months

After 4 months, there was
nearly 90% repigmentation

of his face and neck, 60%
repigmentation of the chest

and only a little
repigmentation of the

extremities

Worsening of acne
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5.7.2. Clinical Trials

Topical ruxolitinib, in its 1.5% cream form, is the most studied iJAK. In 2017,
Rothstein et al. [103] conducted a single-group, open-label, proof-of-concept trial
(NCT02809976) in which 11 patients were treated with 1.5% ruxolitinib cream. After
20 weeks, patients showed generalized improvement in vitiligo, especially the four patients
with facial involvement, who showed an improvement in fVASI of 76%. In addition, an
open-label extension study was performed in eight of these patients, in which the appli-
cation was continued for 52 weeks and UVB phototherapy was added in three patients,
improving repigmentation on the face (reaching 92%), nonacral extremities and torso,
especially those treated with phototherapy [104].

In 2020, Rosmarin et al. [84] published the results of a phase 2, randomized, double-
blind and dose-ranging clinical trial (NCT03099304). In this study, 157 patients were treated
with ruxolitinib cream at various concentrations (from 1.5% twice daily to 0.15% once
daily, plus a placebo group) for 52 weeks. Patients who achieved significance for the
primary endpoint (50% improvement in facial involvement) were the patients treated with
the highest concentration of ruxolitinib (1.5%). Other publications on the same clinical
trial report that a 1.5% ruxolitinib cream twice daily application produces the greatest
improvement in extrafacial locations (around 50% in upper and lower limbs, 15.0% in
hands and 29.4% in feet) [105], and that the addition of concomitant therapy with NB-UVB
phototherapy produces an additional improvement of 50.2% for F-VASI and 29.5% for
T-VASI over that achieved with ruxolitinib cream monotherapy [106].

The strongest evidence for the use of ruxolitinib cream is from the TRuE-V1 (NCT04052425)
and TRuE-V2 (NCT04057573) clinical trials, two multinational, phase 3, double-blind,
vehicle-controlled trials of identical design involving 661 patients. The primary endpoint
was to achieve F-VASI75 at week 24. In both studies, the response was clearly better in
patients treated with 1.5% ruxolitinib cream twice daily. In TRuE-V1, the percentage of
patients with a F-VASI75 response at week 24 was 29.8% in the ruxolitinib-cream group
and 7.4% in the vehicle group (relative risk, 4.0; 95% confidence interval (CI), 1.9 to 8.4;
p < 0.001). In TRuE-V2, the percentages were 30.9% and 11.4%, respectively (relative risk,
2.7; 95% CI, 1.5 to 4.9; p < 0.001). Results of key secondary endpoints showed the superiority
of ruxolitinib cream over the vehicle control (F-VASI50, F-VASI90, T-VASI50 and F-VASI75
in the 52-week extension study) [107]. Evidence from the latter two clinical trials led to
FDA approval of 1.5% ruxolitinib cream in 2022, applied twice daily to affected areas of up
to 10% of the body surface area in adult and pediatric patients aged 12 years and older.

In all of these studies, adverse effects were mild and consisted mainly of local itching,
nasopharyngitis and acne at the application site.

A clinical trial (NCT04530344) has yet to publish its final results from a 52-week
extension period in 458 patients who participated in the TRuE-V1 (NCT04052425) and TRuE-
V2 (NCT04057573) clinical trials to assess the long-term efficacy and safety of ruxolitinib
cream in participants with vitiligo [108].

Another ongoing clinical trial (NCT05247489) is investigating the effect of the addition
of phototherapy to ruxolitinib cream compared to ruxolitinib cream monotherapy [109].

In 2023, the largest clinical trial of an oral iJAK was published (NCT03715829). Treat-
ment with ritlecitinib, a JAK 3/TEC inhibitor, was tested in a phase 2b, randomized, double-
blind, placebo-controlled, parallel-group, multicenter, dose-ranging, double-blind, phase
2b study. In this study, 364 patients were randomized to once-daily oral ritlecitinib ± a
4-week loading dose (200/50 mg, 100/50 mg, 30 mg or 10 mg) or a placebo for 24 weeks
(dose adjustment period). Subsequently, 187 patients received ritlecitinib at 200/50 mg
daily in a 24-week extension period. Significant differences from the placebo were observed
in the percentage change from baseline in the facial vitiligo area score index in the 50 mg
ritlecitinib groups with (−21.2 vs. 2.1; p < 0.001) or without (−18.5 vs. 2.1; p < 0.001) a
loading dose and in the 30 mg ritlecitinib group (−14.6 vs. 2.1; p = 0.01). Accelerated
improvement was observed after treatment with 200/50 mg ritlecitinib in the extension
period (n = 187). The most common adverse events were nasopharyngitis (15.9%), upper
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respiratory tract infection (11.5%) and headache (8.8%). Four patients had confirmed cases
of herpes zoster (all non-serious), two patients had malignancies (non-melanoma skin
cancers) and no thromboembolic events occurred [110]. To date, oral ritlecitinib has not yet
been approved in the USA nor Europe.

In addition, a real-world clinical practice out-of-label oral tofacitinib clinical trial was
conducted on 15 patients and 19 controls, in conjunction with a topical corticosteroid,
topical calcineurin inhibitors and phototherapy. Both groups showed great improvement,
to the extent that the differences were not statistically significant in facial lesions. No other
clinical trials specific to the use of tofacitinib for vitiligo have been reported [111].

Finally, it is worth mentioning that there is an ongoing placebo-controlled dose-
ranging clinical trial to evaluate the safety and efficacy of upadacitinib in subjects with
non-segmental vitiligo (NCT04927975) [112].

Other trials with topical iJAK (ARQ-252 [113], cerdulatinib [114] and ATI-50002 [115])
have been initiated but no publications are available due to termination of the trial by the
sponsor or lack of clear effectiveness in the preliminary results published on Clinicaltrials.gov.

A summary of the clinical trials reviewed for this section is shown in Table 2.

Table 2. A summary of the clinical trials reviewed for this section.

Drug
Study Data

(Authors/Year/Country/NCT)
Study Design Results Side Effects

Ruxolitinib (topical) Rothstein et al.
[103]/2017/USA/NCT02809976

1.5% topical ruxolitinib
cream, twice daily

Single group, open-label,
phase 2

11 patients followed for
20 weeks, presenting facial,

upper limbs, torso or
acral vitiligo

23% improvement in overall
VASI in all patients. The

4 patients with facial
involvement presented 76%

improvement in fVASI.
3/8 patients responded on

body surfaces. 1/8 responded
on acral surfaces

Minor (erythema,
hyperpigmentation and

transient acne)

Ruxolitinib (topical)

Josahipura et al. [104] (open-label
extension study of

Rothstein’s)/2018/USA/
No registration

1.5% topical ruxolitinib
cream, twice daily (all

8 patients) + optional UVB
phototherapy (3/8 patients

chose it)
Open-label extension study

Phase 2
8 patients followed for

32 weeks, presenting facial,
upper limbs, torso or

acral vitiligo

Mean improvement in overall
VASI of 37.6% ± 31.2%

(p < 0.011). 5/8 had treatment
response. 4 patients with

facial vitiligo had mean 92%
improvement. 3/6 had a

response on their nonacral
upper extremities (2 of these 3

had been treated with
combination phototherapy).
2/3 patients (both of whom
had opted for combination

phototherapy) responded on
the torso with a mean VASI

improvement of 16.7% ± 16.7%

Minor (erythema and
transient acne)

Ruxolitinib (topical) Rosmarin et al.
[84]/2020/USA/NCT03099304

Ruxolitinib cream (1.5% twice
daily, 1.5% once daily, 0.5%

once daily or 0.15% once
daily) or vehicle (control

group) twice daily
A randomized, double-blind,

dose-ranging study.
Phase 2.

157 patients with vitiligo
affecting at least 0.5% of the
total body surface area (BSA)
on the face and at least 3% of

the total BSA on nonfacial
areas; followed for 52 weeks

The primary endpoint at
week 24, F-VASI50, was

reached by significantly more
patients given the two highest

doses of ruxolitinib cream
(1.5% twice daily, 15 (45%) of
33 patients, odds ratio (OR)

24·7, 95% CI 3.3–1121.4;
p = 0.0001; 1.5% once daily,
15 (50%) of 30 patients, OR

28.5, 95% CI 3.7–1305.2;
p < 0.0001) and also by more

patients who received the two
lowest doses of ruxolitinib

cream (0.5% once daily, eight
(26%) of 31; 0.15% once daily,

ten (32%) of 31) compared
with the vehicle (one (3%) of

32 patients). T-VASI50 at
week 52, a key secondary
endpoint, was reached by

patients in the total
population in a

dose-dependent manner (1.5%
twice daily, 12 (36%) of 33;

1.5% once daily, 9 (30%) of 30;
0.5% once daily, 8 (26%) of 31)

Application site pruritus was
the most common

treatment-related adverse
event among patients given

ruxolitinib cream
(1 (3%) of 33 in the 1.5% twice
daily group; 3 (10%) of 30 in
the 1.5% once daily group; 3
(10%) of 31 in the 0.5% once

daily group; and 6 (19%) of 31
in the 0.15% once daily
group), with 3 (9%) of
32 patients showing

application site pruritis in the
control group. Acne was

noted as a treatment-related
adverse event in 13 (10%) of
125 patients who received

ruxolitinib cream and 1 (3%)
of 32 patients who received

vehicle cream. All
treatment-related adverse

events were mild or moderate
in severity and similar across
treatment groups. No serious
adverse events were related

to study treatment
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Table 2. Cont.

Drug
Study Data

(Authors/Year/Country/NCT)
Study Design Results Side Effects

Ruxolitinib (topical) Hamzavi et al.
[105]/2022/USA/NCT03099304

Ruxolitinib cream (1.5% twice
daily, 1.5% once daily, 0.5%

once daily or 0.15% once
daily) or vehicle (control

group) twice daily
A randomized, double-blind,
dose-ranging study. Phase 2.

157 patients with vitiligo
affecting at least 0.5% of the
total body surface area (BSA)
on the face and at least 3% of

the total BSA on nonfacial
areas; followed for 52 weeks

Among patients with vitiligo
affecting ≤ 20% of T-BSA at

baseline, both doses of
ruxolitinib cream (1.5% once

daily and twice daily)
produced notable T-VASI50
and T-VASI75 responses at

week 52. The 1.5% ruxolitinib
cream twice-daily dose
produced the highest

proportion of T-VASI50
responders in the head/neck
region (60.0%), followed by

the upper and lower
extremities (52.9% and 52.6%,
respectively). T-VASI50 of the
hands and feet was noted for
15.0% and 29.4% of patients,
respectively, who received

1.5% ruxolitinib cream
twice daily

Unspecified

Ruxolitinib Pandya et al.
[106]/2022/USA/NCT03099304

Ruxolitinib cream with
concomitant narrow-band

UVB (NB-UVB) phototherapy
during the open-label phase

after week 52
A randomized, double-blind,
dose-ranging study. Phase 2.

19 patients with vitiligo
affecting at least 0.5% of the
total body surface area (BSA)
on the face and at least 3% of

the total BSA on nonfacial
areas; followed for 52 weeks

After the addition of NB-UVB
phototherapy, F-VASI and
T-VASI scores improved in

15 of 19 patients (78.9%) and
18 of 19 patients (94.7%),

respectively. In these
19 patients, the mean

percentage improvement at
week 104 was 50.2% for

F-VASI and 29.5% for T-VASI
versus the improvement at

the last visit before the
addition of NB-UVB

phototherapy.
Postcombination therapy
response parameters were
similar to data at week 104

from 70 patients who
remained on

ruxolitinib cream alone from
day 1; responses were higher
at week 104 versus week 52

among patients who received
ruxolitinib cream alone

No adverse events considered
to be related to the

treatment

Ruxolitinib

Rosmarin et al.
[107]/2022/USA/TRuE-V1

(NCT04052425) and TRuE-V2
(NCT04057573)

1.5% ruxolitinib cream or
matching vehicle cream twice

daily to all depigmented
vitiligo lesions, on a 2:1 ratio
Two multinational, phase 3,

double-blind,
vehicle-controlled trials of
identical design conducted

across 101 centers
661 patients (330 TRuE-V1

and 331 TRuE-V2) with face
and body vitiligo followed for

24 weeks

In TRuE-V1, the percentage of
patients with an F-VASI75
response at week 24 was

29.8% in the ruxolitinib cream
group and 7.4% in the vehicle
group (relative risk, 4.0; 95%

confidence interval (CI), 1.9 to
8.4; p < 0.001). In TRuE-V2,
the percentages were 30.9%

and 11.4%, respectively
(relative risk, 2.7; 95% CI, 1.5
to 4.9; p < 0.001). The results
for key secondary end points

showed superiority of
ruxolitinib cream over vehicle
control (F-VASI50, F-VASI90,

T-VASI50 and F-VASI75 in the
52-week extension study)

Among patients who applied
ruxolitinib cream for

52 weeks, adverse events
occurred in 54.8% in TRuE-V1

and 62.3% in TRuE-V2; the
most common adverse events

were application site acne
(6.3% and 6.6%, respectively),

nasopharyngitis (5.4% and
6.1%) and application site
pruritus (5.4% and 5.3%)
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Table 2. Cont.

Drug
Study Data

(Authors/Year/Country/NCT)
Study Design Results Side Effects

Tofacitinib (oral) Song et al. [111]/2022/China/
No registration

Oral tofacitinib at 5 mg twice
daily. Both control and

treatment group were treated
with halometasone cream
applied externally to the

lesions on the torso and limbs
twice a day, and 0.1%

tacrolimus ointment or
pimecrolimus cream applied

externally on the face and
neck twice a day. In addition,

NB-UVB therapy was
administered three times

weekly for a period of
16 weeks

Real-world clinical practice
out-of-label tofacitinib

clinical trial
15 patients in treatment group
and 19 controls with face and

body vitiligo followed for
16 weeks

From eighth week, the
repigmentation level was
significantly higher in the

combination than the control
group (p < 0.05). The

repigmentation improved in
the tofacitinib group on acral
lesions, torso and extremities
No significant differences in
lesions on the face and neck
were observed between the

combination and control
groups during 16 weeks of

treatment (p > 0.05), probably
because both groups had

great improvement

One patient treated with
tofacitinib developed mild
pain in his right thumb and
right hallux after 3 weeks of

treatment, but the pain
resolved with cessation of

tofacitinib 1 week later. Mild
effects related to

phototherapy

Ritlecitinib (oral) Ezzedine et al.
[110]/2023/USA/NCT03715829

Patients were randomized to
once-daily oral

ritlecitinib ± 4-week loading
dose (200/50 mg, 100/50 mg,
30 mg or 10 mg) or placebo
for 24 weeks (dose-ranging

period). 187 patients
subsequently received

ritlecitinib at 200/50 mg daily
in a 24-week extension period

Phase 2b, randomized,
double-blind,

placebo-controlled,
parallel-group, multicenter

and dose-ranging study
364 patients with face and
body vitiligo treated for a

24-week dose-ranging period
and 24-week extension period

Significant differences from
placebo in percent change

from baseline in
Facial-Vitiligo Area Scoring
Index were observed for the

50 mg ritlecitinib groups with
(−21.2 vs. 2.1; p < 0.001) or

without (−18.5 vs. 2.1;
p < 0.001) a loading dose and

30 mg ritlecitinib group
(−14.6 vs. 2.1; p = 0.01).

Accelerated improvement
was observed after treatment
with 200/50 mg ritlecitinib in
the extension period (n = 187)

The 3 most common TEAEs
were nasopharyngitis (15.9%),

upper respiratory tract
infection (11.5%) and

headache (8.8%). 4 patients
had confirmed cases of

herpes zoster (all
non-serious), 2 patients had

malignancies (nonmelanoma
skin cancers) and there were
no thromboembolic events.
No serious adverse events

Upadacitinib (oral)
No results pub-

lished/2023/USA/NCT04927975
[112]

Oral upadacitinib (dose
ranging) vs. placebo

A multicenter, randomized,
double-blind,

placebo-controlled,
dose-ranging study to
evaluate the safety and

efficacy of upadacitinib in
subjects with non-segmental

vitiligo. Phase 2
185 patients with face and

body vitiligo followed for at
least 24 weeks, up to 52 weeks

Ongoing. No results
published

Ongoing. No results
published

Ruxolitinib (topical)
No results pub-

lished/2023/USA/NCT05247489
[109]

Group A: 1.5% ruxolitinib
cream + narrow-band

ultraviolet B phototherapy
(NB-UVB). Group B: 1.5%

ruxolitinib cream
monotherapy

A randomized, phase 2,
open-label

interventional study.
55 patients with face and
body vitiligo follows for

48 weeks

Ongoing. No results
published

Ongoing. No results
published
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Table 2. Cont.

Drug
Study Data

(Authors/Year/Country/NCT)
Study Design Results Side Effects

Ruxolitinib (topical)
No publications avail-

able/2023/USA/NCT04530344
[108]

1.5% ruxolitinib cream or
matching vehicle cream

twice daily
A double-blind,

vehicle-controlled,
randomized withdrawal and
treatment extension study to
assess the long-term efficacy

and safety of ruxolitinib
cream in participants with

vitiligo Phase 3
458 patients with face and
body vitiligo followed for

52 weeks

Completed. No publications
available

Completed. No publications
available

ARQ-252 (topical)
No results pub-

lished/2022/USA/NCT04811131
[113]

0.3% ARQ-252 cream BID or
vehicle cream BID, and active

phototherapy or sham
phototherapy for 24 weeks

Phase 2a, parallel-group,
double-blind,

vehicle-controlled study of
the safety and efficacy of 0.3%

ARQ-252 cream in
combination with NB-UVB
phototherapy treatment in

subjects with non-segmental
facial vitiligo

114 patients with face and
body vitiligo followed for

24 weeks

Terminated. No publications
available

Terminated. No publications
available

Cerdulatinib (topical)
No publications avail-

able/2022/USA/NCT04103060
[114]

0.37% cerdulatinib gel
applied topically twice daily

vs. vehicle cream
A phase 2a, randomized,

double-blind,
vehicle-controlled study to
assess the safety, tolerability

and systemic exposure of
0.37% cerdulatinib gel in

adults with vitiligo
33 patients with face and
body vitiligo followed for

6 weeks

No publications available No publications available

ATI-50002 (topical)
No publications avail-

able/2020/USA/NCT03468855
[115]

ATI-50002 topical solution,
high dose active, twice daily,

24 weeks
An open-label pilot study of

the safety, tolerability and
efficacy of ATI-50002 topical
solution administered twice
daily in adult subjects with

non-segmental facial vitiligo.
Phase 2

34 patients with face vitiligo
followed for 24 weeks

Mean change in facial
depigmentation in quantified

area of interest (AOI) from
baseline (Visit 2) to week 24
worsened after treatment:

mean change + 2 (standard
deviation 8.41)

Alcoholic pancreatitis and
acute myocardial infarction

(in 1 patient, not related to the
drug), application site acne,

other minor local
adverse events

5.8. 5-Fluorouracil

5-Fluorouracil (5-FU) is a therapeutic agent that has been subject to growing interest
in recent years for vitiligo treatment, thanks to the convenience of its topical formulation
with very good results and almost no side effects. 5-FU stands as a crucial systemic
chemotherapy agent in the treatment of cancer patients. In the context of vitiligo, its topical
and intradermal formulation has been employed with diverse outcomes, often coupled
with manual and electric dermabrasion, needling and fractional CO2 laser.

Among these approaches, microneedling has emerged as a promising technique,
demonstrating favorable outcomes. This method, also known as collagen induction therapy,
is a minimally invasive procedure that uses fine miniature needles to create superficial
holes in the skin that are hypothesized to trigger the repair and release of growth factors,
stimulate the migration of keratinocytes and facilitate the penetration of other drugs.
While different therapeutic modalities have been explored, the procedural aspect remains
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consistent across most studies. This involves microneedling, followed by the application of
a uniformly thin layer of 5% 5-FU cream or solution. This protocol is typically administered
once or twice monthly for a duration ranging from 3 to 6 months. Subsequently, patients
are advised to apply 5-fluorouracil cream over the same patch daily for one week following
each session. Both observational [116–118] and experimental studies have been undertaken
to compare the efficacy of combination therapy versus only microneedling [119–121], only
5-FU [122], and microneedling coupled with tacrolimus application [123,124] or 308 nm
excimer light [125]. The overall qualitative response was better in the patches treated with
the combinational therapy, 5-fluorouracil and microneedling, with statistically significant
better repigmentation rates compared to those treated with tacrolimus or microneedling
alone. All studies showed significantly higher and excellent responses, considered as
repigmentation above 75%, and also lower (considered poor) response rates (<25%). In the
study conducted by Saad et al. [125], the treatment with the combination of microneedling
then application of 5-FU and excimer showed a significant and earlier response versus the
excimer alone. Also, the percentage of repigmentation was higher in the patches treated
with the combination, especially in the face and torso.

To facilitate the penetration of 5-FU, other techniques have also been tried, such as
dermabrasion [126,127] with a similar procedure to microneedling. The most superficial
layers of the skin are removed with a dermabrader until the papillary dermis is reached and
then a layer of 5-FU is applied. Participants were then advised to apply topical 5% 5-FU
over the abraded area once or twice daily for 2–4 weeks, with excellent repigmentation
responses after the treatment. In both techniques, the most reported side effects were
erythema and itching.

Recent studies have also tested intradermal infiltrations of 5-FU (50 mg/mL) every
2 weeks, comparing its effect with infiltrations of triamcinolone acetonide (3 mg/mL) with
the same frequency [128]. Intradermal fluorouracil showed the best overall improvement
when compared with triamcinolone. During follow-up, the vitiliginous patches continued
to repigment for 6 months in fluorouracil. Finally, the combination of 5-FU with photother-
apy [129] has shown better results than phototherapy alone. The main disadvantage of
intradermal infiltration is the higher rate of side effects, with most patients reporting pain
and a burning sensation during injections, blistering and ulcer formation.

5.9. Platelet-Rich Plasma

Alternative therapeutic interventions, such as platelet-rich plasma (PRP), present a
regenerative treatment modality by cultivating a fertile environment rich in growth factors
and cytokines. It has been proposed to stimulate the restoration of normal cellular function
and holds the potential to encourage the differentiation, proliferation and maturation of
melanocytes and keratinocytes, thereby contributing to epidermal repigmentation [130].

Its role has been predominantly examined in conjunction with laser [131,132], pho-
totherapy [133] and surgical treatments [134], where it appears to exert a synergistic effect,
that significantly amplifies repigmentation rates across different studies. Nevertheless,
the available evidence supporting its efficacy in monotherapy remains limited. Given the
current knowledge gaps, further studies are imperative to validate the effectiveness of PRP
and establish comprehensive guidelines for its application in the management of vitiligo
and related cases.

5.10. Other Regenerative Therapies

Microneedling consists of a roller with fine miniature needles used to produce micro-
injuries that activate factors promoting collagen secretion by fibroblasts and stimulate
melanocytes’ migration to non-pigmented areas. This technique has proven effective in
monotherapy [135]. However, the combination of microneedling with topical therapies
or NB-UVB was more effective compared to microneedling monotherapy [135]. As stated
before, it can also be beneficial when combined with 5-fluorouracil [121]. On the other hand,
microneedling has not shown an additional benefit when added to other therapies [136,137].
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Other surgical therapies, oriented to grafting functional melanocytes in affected re-
gions, constitute an emerging and promising alternative for cases of stable vitiligo. Numer-
ous modalities have been described with different efficacy and tolerability outcomes that
exceed the scope of this review and should be discussed separately [39].

5.11. Conventional Therapies versus Emerging Therapies

As noted in Section 3, conventional therapies for vitiligo have not been considered
individually in the development of this review as they are beyond its scope. A summary
of the conventional therapies considered in the expert consensus [39] and the emerging
therapies reviewed is shown in Table 3.

Table 3. Conventional [39] versus emerging therapies.

Treatment Modality
Conventional versus

Emerging
Advantages/Data That Favor

Its Use
Main Disadvantages

Topical corticosteroids
(TCSs) Conventional

Recommended for vitiligo,
particularly for extrafacial
locations and more limited

treatment areas
Wide experience on its use

More effective for stabilization
of vitiligo than for

repigmentation
Local side effects if applied
continuously (skin atrophy,

telangiectasia, hypertrichosis,
acneiform eruptions and striae)

Topical calcineurin
inhibitors Conventional

As affective as TCS on face and
neck, with better safety profile in

these locations
No serious adverse events

detected in patients with vitiligo
treated with topical

calcineurin inhibitors

Less effective than TCS on
extrafacial lesions

Off-label use

Narrow-band ultraviolet B
phototherapy (NB-UVB) Conventional

Preferred first-line therapy for
widespread or rapidly

progressing disease
No significant association with
greater incidence of basal cell

carcinoma, squamous cell
carcinoma or melanoma

Bad response of acral lesions
and areas lacking

melanocyte reservoir
Erythema and xerosis

are common
Multiple sessions are required,
so patients have to attend their
healthcare center two or three

times a week for several months

Excimer devices Conventional

Equally effective or even superior
compared to NB-UVB

Safety and tolerability of excimer
laser therapy is comparable to

NB-UVB

The cost of therapy is higher
than NB-UVB

Long-term adverse events not
well-established

Home phototherapy Conventional

Better compliance, similar
repigmentation outcomes, similar
frequency of adverse effects and

less time investment

Shortage of home phototherapy
units, high initial cost, low
energy output of the device

over time, lack of mechanical
servicing and unfamiliarity of

patients with the modality
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Table 3. Cont.

Treatment Modality
Conventional versus

Emerging
Advantages/Data That Favor

Its Use
Main Disadvantages

Oral steroid minipulse
therapy (dexamethasone,

metilprednisolone or
prednisone)

Conventional Useful to stop disease progression

Not suitable for repigmentation
on monotherapy

Relapse after discontinuation
Systemic corticosteroid-class

side effects: weight gain,
insomnia, agitation, acne,
menstrual disturbances,
hypertrichosis, growth

retardation in children and
immunosuppression

Surgical interventions Conventional/emerging

Many different techniques
A treatment option for segmental
vitiligo and other localized and

stabilized forms of vitiligo
(non-segmental) after the

documented failure of medical
interventions

Koebner phenomenon
is possible
High cost

Pros and cons depend on the
technique, but this topic exceeds

the subject of this review and
should be discussed separately

Afamelanotide Conventional Potential benefit for use in
combination with phototherapy

Subcutaneous administration
More data need to be collected

Cyclosporine Conventional

Useful for arresting vitiligo
progression

Might be useful as adjunctive
treatment in autologous

noncultured
melanocyte–keratinocyte cell

transplantation procedure

Not suitable for long-term
treatment

Phosphodiesterase 4 (PDE-4)
inhibitors Emerging

Case reports of improvement with
apremilast or crisaborole in

monotherapy

Conflicting data on its use in
combination with phototherapy

Trichloroacetic acid Emerging
Good response on face vitiligo in
combination with microneedling

or phototherapy
More data need to be collected

Basic fibroblast growth
factor (bFGF) Emerging

Could improve repigmentation
when combined with

phototherapy or
tacrolimus ointment

More data need to be collected

TNF inhibitors Emerging Isolated case reports showing
efficacy in repigmentation

Most studies show no response
or even TNFα inhibitor-induced

vitiligo

Secukinumab Emerging
A suitable option to replace a

TNFα inhibitor after new-onset
vitiligo related to TNFα inhibitors

Not recommended for the
treatment of isolated vitiligo

Pseudocatalase Emerging
Oxidative stress plays a role in

vitiligo pathogenesis
Initial data supported its efficacy

All recent data show no
improvement in repigmentation

JAK inhibitors Emerging

Multiple case reports and clinical
trials support its efficacy

Ruxolitinib cream already
approved for vitiligo

Several ongoing clinical trials
with promising results

Long-term efficacy and long-term
safety data need to be assessed

More expensive than
conventional treatments

Results when used in
combination with other

treatment modalities need to
be studied

85



Int. J. Mol. Sci. 2023, 24, 17306

Table 3. Cont.

Treatment Modality
Conventional versus

Emerging
Advantages/Data That Favor

Its Use
Main Disadvantages

5-fluorouracil Emerging

Useful to achieve repigmentation
when used alongside

phototherapy, microneedling and
dermabrasion

Intradermal infiltrations of 5-FU
have also been tested

Local side effects (burning,
pruritus, blistering)

Platelet-rich plasma Emerging
Synergistic effect in conjunction

with laser, phototherapy and
surgical treatments

Limited data on monotherapy
More data need to be collected

Microneedling Emerging

Could improve repigmentation in
monotherapy or when combined

with phototherapy or
5-fluorouracil

More data need to be collected

6. Conclusions

Vitiligo is a disease with a complex and multifactorial pathogenesis, which has a great
impact on the quality of life of patients.

New horizons are opening up in the treatment of this disease, both with long-known
molecules such as 5-fluorouracil and with new molecules such as JAK inhibitors. The
latter are postulated as a first-rate therapeutic tool for the treatment of vitiligo at present
and in the near future, probably in conjunction with other traditional treatments such as
UVB phototherapy.

At the moment, there is no clearly outstanding option or fully satisfactory treatment,
so it is necessary to keep up the development of new drugs as well as the publication of
long-term effectiveness and safety data for existing treatments.
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Abstract: Psoriasis is an immune-mediated, chronic disorder that significantly alters patients’ quality
of life and predisposes them to a higher risk of comorbidities, including liver fibrosis. Various non-
invasive tests (NITs) have been validated to assess liver fibrosis severity, while blood-count-derived
inflammatory markers have been proven to be reliable in reflecting inflammatory status in psoriatic
disease. The fibrosis-4 (FIB-4) index became part of the newest guideline for monitoring psoriasis
patients undergoing systemic treatment. Patients with psoriasis vulgaris and fulfilling inclusion
criteria were enrolled in this study, aiming to assess for the first time in the literature whether such
inflammatory markers are useful in predicting liver fibrosis. Based on internationally validated FIB-4
index values, patients were divided into two study groups: a low risk of significant fibrosis (LR-SF)
and a high risk of significant fibrosis (HR-SF). Patients from HR-SF were significantly older and had
higher values of the monocyte-to-lymphocyte ratio (MLR) (p < 0.001), which further significantly
correlated with fibrosis severity (p < 0.001). Platelet-to-lymphocyte ratio (PLR), systemic immune
inflammation index (SII), platelet-to-white blood cell ratio (PWR), and aggregate index of systemic
inflammations (AISI) significantly correlated negatively with liver fibrosis (p < 0.001). PWR proved to
be the most reliable inflammatory predictor of fibrosis severity (AUC = 0.657). MLR, PWR, and AISI
were independent inflammatory markers in multivariate analysis (p < 0.001), while the AST to platelet
ratio index (APRI) and AST to ALT ratio (AAR) can be used as additional NITs for significant liver
fibrosis (p < 0.001). In limited-resources settings, blood-count-derived inflammatory markers such as
MLR, PWR, and AISI, respectively, and hepatic indexes APRI and AAR prove to be of particular help
in predicting significant liver fibrosis.

Keywords: psoriasis; inflammation; fibrosis; non-invasive; risk-assessment

1. Introduction

Psoriasis is an immune-mediated, chronic disorder that significantly alters patients’
quality of life (QoL), affecting between 1.5% and 5% of the population in developed
countries [1] (recently estimated at 4.99% in Romania [2]).

Cutaneous lesions may vary depending on the psoriasis subtype, but the most com-
mon morphology refers to well-defined erythematous and scaly plaques, reflecting skin
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inflammation, epidermal hyperplasia, and angiogenesis due to altered immune pathways.
A continuous interaction between dendritic cells, T cells, and keratinocytes leads to in-
creased production of pro-inflammatory molecules, promoting an increased inflammatory
state, that transcends skin level and has a systemic impact.

Patients with psoriasis have a higher risk of developing cardiovascular diseases,
especially hypertension [3] and atherosclerosis, metabolic disorders, inflammatory bowel
disease, psychiatric disorders, and kidney disease [4]. Additionally, psoriasis is linked to
major cardiovascular events, such as myocardial infarction and stroke, especially in those
with severe and prolonged courses of disease.

Psoriasis patients are more likely to have liver fibrosis [5], partly due to the interleukin-
17 pathway [6]. Drug-induced fibrosis, especially methotrexate-related, should also be taken
into account. Even though previous guidelines recommended monitoring possible liver
disease with routine blood analysis and liver biopsy [7], more recent evidence considers
routine liver enzymes to be non-reliable [8] and liver biopsy to be too invasive.

Recent advances in the field revealed that non-invasive tests (NITs) are of great help
in clinical practice and can confidently rule out the presence of advanced fibrosis (AF) [9],
with patients at a high risk of AF being offered further testing, and those at low risk
of AF benefiting from annual re-evaluation. NITs have become an integral part of the
most recent AAD guideline [10] for baseline evaluation of liver fibrosis. Patients should
benefit first-hand from liver fibrosis evaluation by the means of NITs, such as Fibrosis-4
(FIB-4) index, Fibrosure, Fibrometer, or Hepascore, and if proven to be at low risk of AF,
methotrexate treatment can safely be initiated. Additionally, NITs, such as AST to platelet
ratio index (APRI), AST to ALT ratio (AAR), and GGT to platelet ratio index (GPR) have
been described, but their usefulness has not been until now widely accepted.

Blood-count-derived inflammatory markers, such as neutrophil-to-lymphocyte ratio
(NLR), platelet-to-lymphocyte ratio (PLR), or systemic immune inflammation index (SII)
have gained increased interest in recent years. They were proven to be associated with
and predicted outcomes in patients with cardiovascular disease [11–13], tumors [14–18],
and kidney disease [19,20]. For skin disorders, the usefulness of these markers has been
assessed in erythema nodosum [21], Behcet disease [22], and sarcoidosis [23]. In psoriasis,
these markers have been proven to be reliable in assessing both the disease’s presence and
its severity [24–26]. The platelet-to-white blood cell ratio (PWR), a potential biomarker of
vascular inflammation predicting acute ischemic stroke and cardiovascular risk [27,28], has
never been assessed in relation to psoriasis. Moreover, the usefulness of PWR in hepatic
diseases has been, until now, tested only in acute-to-chronic liver failure (ACLF) [29],
HBV-positive patients [30], and pyogenic liver abscesses [31].

To the best of our knowledge, until now, no study has evaluated the reliability of
blood-count-derived inflammatory markers in assessing liver fibrosis. This study aimed to
establish the prognostic value of inflammatory markers in predicting liver fibrosis severity
in patients with psoriasis based on an international consensus regarding NITs.

2. Results

2.1. Patients’ Clinical Profile

A total of 359 patients diagnosed with psoriasis were included in this study. Most
of them were males (n = 216), with a mean age at enrollment of 54.76 ± 16.36. Regarding
psoriasis severity, 177 presented with mild disease, while 182 had moderate-to-severe
psoriasis. As depicted in Table 1, 246 patients had mild fibrosis (LR-SF, median FIB-4 = 0.69;
95% CI: 0.65–0.75), while 113 presented moderate-to-severe liver fibrosis (HR-SF, median
FIB-4 = 2.08; 95% CI: 1.78–2.66). Patients in the HR-SF group were significantly older
(p < 0.001) than those in the non-AF group. Most patients in the LR-SF group had mild
psoriasis (53.66%), while in the HR-SF group most patients presented with moderate-to-
severe psoriasis (60.18%).

94



Int. J. Mol. Sci. 2023, 24, 16898

Table 1. Clinical and laboratory characteristics of the study population.

Variables All Patients LR-SF (n = 246) HR-SF (n = 113) p-Value

Age 54.76 ± 16.36 50.07 ± 16.10 64.98 ± 11.63 <0.001
Gender

Male 216 (60.17%) 141 (57.32%) 75 (66.37%)
0.100

Female 143 (39.83%) 105 (42.68%) 38 (33.63%)
Disease severity

Mild 177 (49.30%) 132 (53.66%) 45 (39.82%)
0.015

Moderate-severe 182 (50.70%) 114 (46.34%) 68 (60.18%)
AST 19 [18–20.56] 16 [15–17] 31 [26–37] <0.001
ALT 22 [21–24] 21 [19–22.86] 28 [23.61–33] 0.001
GGT 30 [27–32] 24.5 [20.14–28] 48 [36–68.40] <0.001

Platelets 238.02
[228.90–243.00]

270.44
[261.67–279.21]

188.67
[178.59–198.75] <0.001

WBC 7.50 [7.17–7.85] 7.73 [7.37–8.09] 6.84 [6.43–7.67] 0.001
Neutrophils 4.44 [4.23–4.75] 4.53 [4.28–4.88] 4.12 [3.77–4.66] 0.02
Lymphocytes 2.08 [1.97–2.23] 2.22 [2.08–2.30] 1.85 [1.67–2.00] <0.001
Monocytes 0.50 [0.48–0.53] 0.49 [0.46–0.52] 0.53 [0.48–0.56] 0.33

PLR 115.19
[110.12–120.96]

117.49
[112.46–153.81]

102.51
[89.95–117.91] <0.001

NLR 2.05 [1.91–2.21] 2.04 [1.82–2.23] 2.08 [1.95–2.32] 0.58
d-NLR 1.56 [1.44–1.66] 1.55 [1.42–1.67] 1.60 [1.44–1.73] 0.96
MLR 0.24 [0.22–0.25] 0.22 [0.21–0.23] 0.28 [0.26–0.30] <0.001
ESR 15 [12.74–17.26] 14.26 [12.47–16.53] 17 [13.63–20] 0.07

SII 480.22
[453.86–524.81]

526.07
[480.15–570.06]

431.53
[387.45–462.05] <0.001

SIRI 1.04 [0.94–1.11] 0.99 [0.90–1.11] 1.07 [0.98–1.28] 0.42

AISI 258.40
[231.92–274]

273.26
[248.12–285.65]

214.55
[187.50–250.25] 0.001

APRI 0.22 [0.20–0.23] 0.18 [0.16–0.19] 0.49 [0.41–0.55] <0.001
AAR 0.88 [0.82–0.93] 0.75 [0.70–0.81] 1.10 [1.02–1.25] <0.001

PWR 32.86
[30.99–33.98] 34.49 [22.05–36.53] 27.40

[25.39–31.12] <0.001

GPR 0.12 [0.11–0.13] 0.09 [0.08–0.10] 0.24 [0.20–0.33] <0.001
AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transferase; WBC,
white blood cell count; PLR, platelet-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; d-NLR, derived
neutrophil-to-lymphocyte ratio; MLR, monocyte-to-lymphocyte ratio; ESR, erythrocyte sedimentation rate; SII,
systemic immune inflammation index; SIRI, systemic inflammation response index; AISI, aggregate index of
systemic inflammation; APRI, AST to platelet ratio; AAR, AST to ALT ratio; PWR, platelet-to-white blood cell
ratio; GPR, GGT to platelet ratio index.

Patients in the HR-SF group had significantly higher values of ALT, AST, GGT, MLR,
APRI, AAR, and GPR, while those with LR-SF presented higher levels of WBC, platelets,
neutrophils, lymphocytes, PLR, SII, AISI, and PWR. No statistically significant differences
were identified regarding monocyte count, NLR, d-NLR, and SIRI between the two study
groups. Nevertheless, patients with HR-SF had higher NLR and d-NLR than those with
LR-SF. Moreover, thrombocytopenia was more frequently encountered in HR-SF (22/113;
19%), while only two patients from LR-SF presented this blood alteration (0.008%).

2.2. Serological Markers and Liver Fibrosis Scores

The association of serological markers with liver fibrosis was further analyzed. As
fibrosis progressed, PLR decreased. Spearman’s correlation analysis revealed (Table 2) that
platelet count, WBC, neutrophil and lymphocyte count, PLR, SII, AISI, and PWR were
significantly and negatively correlated with liver fibrosis. On the other hand, AST, ALT,
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GGT, MLR, APRI, AAR, and GPR were strongly positively correlated with liver fibrosis.
No correlation was identified between NLR, d-NLR, and SIRI values and liver fibrosis.

Table 2. Correlation between serological markers and liver fibrosis severity.

Marker r p-Value Marker r p-Value

AST 0.49 <0.001 MLR 0.20 <0.001
ALT 0.21 <0.001 SII −0.22 <0.001
GGT 0.39 <0.001 AISI −0.17 <0.001

Platelets −0.546 <0.001 PWR −0.25 <0.001
WBC −0.17 0.001 APRI 0.63 <0.001

Lymphocytes −0.20 <0.001 AAR 0.44 <0.001
PLR −0.19 <0.001 GPR 0.46 <0.001

AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transferase; WBC, white
blood cell count; PLR, platelet-to-lymphocyte ratio.

2.3. Performance of Inflammatory Biomarkers for the Evaluation of Liver Fibrosis

The diagnostic performances of different markers are demonstrated in Table 3. The
AUC of PLR for evaluating significant fibrosis was 0.618 (95% CI = 0.565–0.668) with a
cut-off value of 94.68, while the AUC of MLR for evaluating significant fibrosis was 0.624
(95% CI = 0.571–0.674) with a cut-off of 0.26. The AUC of SII for evaluating significant
fibrosis was 0.640 (95% CI = 0.588–0.690) with a cut-off at 828.77, AISI predicted significant
fibrosis with an AUC of 0.607 (95% CI = 0.555–0.658) and a cut-off value of 273.09, while
PWR predicted significant fibrosis with an AUC of 0.657 (95% CI = 0.606–0.706) and a
threshold value of 27.59.

Table 3. Predictive performance of hepatic NITs.

AUC
(95% CI)

p-Value Cut-Off Se (%) Sp (%)
Youden
Index J

p-Value *

PLR 0.618
(0.565–0.668) <0.001 94.68 46.90 76.42 0.23 0.19

MLR 0.624
(0.571–0.674) <0.001 0.26 58.41 65.85 0.24 0.44

SII 0.640
(0.588–0.690) <0.001 828.77 93.81 26.42 0.20 0.71

AISI 0.607
(0.555–0.658) <0.001 273.09 66.37 50.00 0.16 0.33

PWR 0.657
(0.606–0.706) <0.001 27.59 52.21 74.80 0.27 -

Se: sensitivity; Sp: specificity; * Compared to PWR; PLR, platelet-to-lymphocyte ratio; MLR, monocyte-to-
lymphocyte ratio; MLR, monocyte-to-lymphocyte ratio; AISI, aggregate index of systemic inflammation; PWR,
platelet-to-white blood cell ratio.

SII had the highest sensitivity, while PLR had the highest specificity. Comparing AUCs
of different serum models for predicting significant liver fibrosis, the AUC of PWR was
the highest, but comparable with PLR (p = 0.19), MLR (p = 0.44), SII (p = 0.71), and AISI
(p = 0.33) (Figure 1).
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Figure 1. ROC comparison of PLR, MLR, AISI, SII, and PWR in predicting significant liver fibrosis.

2.4. Performance of Hepatic NITs for the Evaluation of Liver Fibrosis

APRI (r = 0.63; p < 0.001), AAR (r = 0.44; p < 0.001), and GPR (0.46; p < 0.001) were
positively and statistically significantly correlated with liver fibrosis severity. The AUCs of
APRI, AAR, and GPR for assessing liver fibrosis were 0.889 (95% CI = 0.852–0.920), 0.774
(95% CI = 0.727–0.816), and 0.786 (95% CI = 0.740–0.828), respectively, with cut-offs 0.22,
0.89, and 0.14, respectively (Table 4).

Table 4. Predictive performance of hepatic NITs.

AUC
(95% CI)

p-Value Cut-Off Se (%) Sp (%)
Youden
Index J

p-Value *

APRI 0.889
(0.852–0.920) <0.001 0.22 91.15 69.11 0.60 -

AAR 0.774
(0.727–0.816) <0.001 0.89 75.22 66.67 0.42 <0.001

GPR 0.786
(0.740–0.828) <0.001 0.14 74.34 73.98 0.48 <0.001

Se: sensitivity; Sp: specificity; * Compared to APRI; APRI, AST to platelet ratio; AAR, AST to ALT ratio; GPR,
GGT to platelet ratio index.

Out of these indexes, APRI had the highest sensitivity, while GPR had the highest
specificity. The AUC of APRI was higher compared to AAR (p < 0.001) and GPR (p < 0.001),
as depicted in Figure 2.
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Figure 2. ROC comparison of APRI, AAR, and GPR for predicting significant liver fibrosis.

2.5. The Reliability of Blood-Count-Derived Markers for Predicting Liver Fibrosis Severity

In a multivariate logistic regression model (Table 5), patients aged more than 50 years
old (OR: 4.63, p < 0.001) and presenting with moderate-to-severe psoriasis (OR: 1.70,
p = 0.028) were identified to have a higher risk of significant liver fibrosis. Moreover, higher
levels of MLR (OR:3.51, p < 0.001), APRI (OR = 11.68, p < 0.001), and AAR (OR = 13.26,
p < 0.001), and lower levels of AISI (OR = 0.98, p = 0.009) and PWR (OR = 0.94, p < 0.001)
were independent predictors of significant liver fibrosis.

Table 5. Predictors of significant liver fibrosis in psoriasis patients.

Parameter OR 95% CI p-Value

Demographic characteristics

Age > 50 years old 4.63 2.57–8.36 <0.001
Male sex 0.78 0.48–1.27 0.127
Moderate-severe psoriasis 1.70 1.06–2.73 0.028
Inflammatory markers

PLR 1.02 0.99–1.06 0.097
MLR 3.51 1.69–7.29 <0.001
PWR 0.94 0.99–1.02 <0.001
SII 0.99 0.99–1.01 0.150
AISI 0.98 0.98–0.99 0.009
Hepatic NITs

APRI 11.68 7.44–18.32 <0.001
AAR 13.26 5.37–32.78 <0.001
GPR 4.54 0.70–29.43 0.110

PLR, platelet-to-lymphocyte ratio; MLR, monocyte-to-lymphocyte ratio; PWR, platelet-to-white blood cell ratio;
SII, systemic immune inflammation index; AISI, aggregate index of systemic inflammation; APRI, AST to platelet
ratio; AAR, AST to ALT ratio; GPR, GGT to platelet ratio index.
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3. Discussion

Early detection and a proper assessment of liver inflammation and fibrosis are impor-
tant not only for disease progression but also necessary when dealing with multifactorial
and complex diseases such as psoriasis, which very often require systemic treatment. Ad-
ditionally, psoriatic patients may require a personalized approach, taking into account
associated comorbidities and data reported in the literature.

Keratinocytes play a key role in psoriasis etiopathogenesis. By providing antimicrobial
peptides like S100A7 that bind to host DNA, they initiate the stimulation of dendritic cells.
Activated dendritic cells lead to increased production of proinflammatory markers such
as IL-12, IL-23, IL-8, IL-17, and TNF-α [32–36]. Moreover, the genetic bases of psoriasis,
defined by more than 50 psoriasis susceptibility loci with PSOR1 being the most important,
modulate immune pathways that further increase disease susceptibility, such as the IL-
23/IL-17 axis and the type I IFN pathway [37]. Nevertheless, even though these cytokines
are the hallmarks of psoriasis etiopathogenesis and are proven to be reliable markers of
disease progression, they are not widely used in daily clinical practice, most likely due to
highly specialized techniques used for their detections and high costs.

Blood-count-derived inflammatory markers have been reported to be reliable in car-
diovascular diseases, tumors, and kidney disease. Studies referring to psoriasis tested the
reliability of these markers both as diagnostic and prognostic factors and also their useful-
ness in assessing a patient’s response to different therapeutical means, such as conventional
immunosuppressants and innovative (both biological and non-biological) drugs [38–43].
Andersen et al. [43] identified that a higher pretreatment with PLR and SII were less likely
to respond to conventional systemic agents, while Asahina et al. [39] proved that NLR
and PLR decrease in the same manner as C-reactive protein (CRP) in patients undergoing
biological therapy, no matter the biologic agent that was used. Anti-TNF agents, such
as adalimumab, infliximab, and etanercept, seem to be more effective in decreasing NLR
and CRP values compared to IL inhibitors ustekinumab and secukinumab [44]. Moreover,
biologics seem to decrease the proinflammatory cytokines TNF-α [45], IL-6, and IL-22 [46].
Additionally, infliximab [47] and secukinumab [48] decrease oxidative stress levels and
increase total antioxidant status [47], adalimumab and etanercept increase superoxide
dismutase and glutathione levels and decrease nitric oxide [49], while efalizumab [47]
and ustekinumab [50] decrease malondialdehyde levels. On the other hand, methotrexate
elevates malondialdehyde, caspase-3, and oxidative stress levels [51]. As such, apart from
decreasing inflammatory status, biologics may have protective effects against oxidative
stress, a key pathogenic factor in psoriasis development.

An increased inflammatory status in psoriatic disease is further reflected in associ-
ated comorbidities. It should be noted that patients with psoriasis present an additional
comorbid risk derived from the choice of treatment.

Psoriasis patients are prone to liver fibrosis, partly due to the interleukin-17 path-
way. IL-17 signaling increases the expression of a fibrogenic cytokine, the transforming
growth factor-1, and induces the production of type 1 collagen in hepatic stellate cells by
activating the Stat3 pathway [6]. On the other hand, methotrexate leads to liver fibrosis by
increasing extracellular adenosine in stellate cells [52], while acitretin promotes fibrogenesis
by impacting the mitochondrial function of stellate cells and leading to apoptosis and
necrosis of these cells. In addition, IL-22 and IL-23 seem to decrease liver fibrosis [6]. As
such, screening for liver fibrosis is essential because it identifies patients at risk and guides
treatment decisions.

Our study was based on FIB-4 and not other NITs due to the fact this marker was
integrated into the latest guidelines [10] for assessing liver fibrosis. While in resource-
limited settings, liver fibrosis scores calculated from simple laboratory values, such as the
FIB-4 index, are useful for identifying patients who may need additional testing, allowing,
therefore, better resource management and therapeutic decisions. Patients with an FIB-4
lower than 1.3 are considered to being of having a low risk of significant fibrosis (F0-F1)
and should benefit from periodical monitoring, while those with values higher than this
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cut-off benefit from further testing. Additionally, a FIB-4 > 3.25 is considered to indicate
significant liver fibrosis (>F2) [53,54].

Our study identified that patients with HR-SF presented with decreased values of
peripheral neutrophils and lymphocytes, probably due to the migration of these cells
from the blood to the liver. Patients with significant liver fibrosis lose more lymphocytes
than neutrophils in their peripheral blood, as indicated by elevated NLR and d-NLR
in HR-SF. On the other hand, high levels of monocytes in HR-SF can be attributed to
ongoing bone marrow inflammation and monocyte mobilization to the periphery. The
relationship between NLR and liver fibrosis was explored in other studies, with conflicting
results [55,56]. In a study published by Kara et al. [56], NLR was not associated with the
severity of liver fibrosis, while Ülger et al. [55] described that low NLR values are useful
in predicting advanced liver fibrosis in HCV-positive patients. In our study, NLR and
d-NLR did not exhibit differences between LR-SF and HR-SF. MLR significantly differed
between study groups and correlated positively with fibrosis severity, while PLR, SII, AISI,
and PWR negatively correlated with liver fibrosis. Other studies reported that PLR is
useful in evaluating liver fibrosis and inflammation [57] and could perform comparably
to FIB-F [58]. All markers were good indicators of liver fibrosis, with an AUC > 0.60. Our
study reports for the first time in the literature, PWR as an inflammatory marker in psoriasis
and its usefulness in predicting liver fibrosis severity. It had the highest performance to
assess HR-SF with an AUC of 0.657. However, after running a multivariate regression
model, only MLR, PWR, and AISI proved to be significant independent predictors of liver
fibrosis. Thrombocytopenia was more frequently encountered in HR-SF, most likely due
to decreased thrombopoietin levels in advanced liver disease and direct bone marrow
suppression [59].

Significant differences were also noted between the two study groups regarding AST,
ALT, and GGT. However, these markers should not be individually used to assess liver
fibrosis since they can easily be influenced by various factors, such as diet, living habits,
and metabolic status. We also evaluated combined parameters such as AAR, APRI, and
GPR, which were proved to indicate the presence and severity of liver fibrosis in chronic
hepatitis C [60–63]. AAR and GPR displayed good predictive value (AUC > 0.60), while
APRI, which had the highest performance to stage HR-SF with an AUC of 0.889 and was
superior to AAR and GPR, had a very good predictive value. Our analysis also identified
that APRI and AAR can be used as prognostic factors of liver fibrosis. Additionally, APRI
and AAR proved to be prognostic factors of HR-SF.

Disease severity, male sex, and age > 50 years old were also identified as predictors of
HR-SF. This indicates the need for additional screening for these patients and exemplifies
once more the direct link between psoriatic disease and systemic comorbidities.

The main limitation of this study lies in its single-center retrospective character. Al-
cohol intake was evaluated based on clinical records and patients with psoriasis vulgaris
who reported a daily intake of alcohol were excluded; no systematically quantified level of
alcohol intake was available due to the retrospective nature of data collection. Psoriasis
severity was assessed using only the BSA score. Future ideas might include a prospective
enrollment of psoriasis patients, disease severity assessment using combined scores, such
as PGAxBSA, modified PASI (mPASI), and psoriasis log-based area and severity index
(PLASI), and a calculation of the FIB-4 cut-off value in the study population for discrimi-
nating between LR-SF and HR-SF. In this study, we used FIB-4 threshold values as reported
by international consensus. A cut-off value determined in the study population might
eliminate possible populational intervariability.

Nevertheless, to our knowledge, this is the first study, to date, to assess the usefulness
of blood-count-derived inflammatory markers in predicting liver fibrosis. Additionally,
this is the first study reporting PWR as an inflammatory marker in liver fibrosis, and, as our
results showed, it proves to be the most reliable one for discriminating liver fibrosis severity.
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4. Materials and Methods

4.1. Study Population

We conducted a retrospective observational study that included patients diagnosed
with psoriasis vulgaris in the Dermatology Department of Mures Clinical County Hospital,
Romania, between January 2017 and December 2022. The inclusion criteria were patients
older than 18 years of age, presenting for the first time in our department, diagnosed
with psoriasis vulgaris in the aforementioned timeframe, and for whom data regarding
disease severity and laboratory investigations were available. The following patients
were excluded: patients diagnosed with other clinical forms of psoriasis, of pediatric
age, for whom there were no available laboratory investigations or information regarding
disease severity, patients with a known history of psoriatic arthritis, cardiovascular disease,
liver diseases, malignant tumors, active infections, or diabetes, patients reporting daily
alcohol use, and those who underwent 3 months of systemic treatment before enrollment
with one of the following: steroids, classic immunosuppressive drugs (Methotrexate,
Azathioprine, Cyclosporine), or innovative drugs (any type of biologics or PDE-4 inhibitors)
were excluded.

4.2. Data Collection

The data was collected using the hospital’s electronic databases. For each patient,
information regarding demographics (age, sex), clinical presentation, and laboratory pa-
rameters were extracted. Psoriasis severity was assessed using the Body Surface Area
(BSA) score and defined as follows: mild (BSA < 5%), and moderate-to-severe (BSA > 10%).
The following laboratory parameters were analyzed: complete white blood cell count
(WBC), leucocyte subsets (neutrophils, lymphocytes, and monocytes) count, platelet count,
alanine-aminotransferase (ALT), aspartate aminotransferase (AST), and gamma-glutamyl
transferase (GGT) levels. For patients presenting multiple times in our department in the
aforementioned time interval, data referring to the first presentation was taken into account.

4.3. Biomarkers

The following blood count-derived inflammatory markers were calculated: NLR, de-
rived neutrophil-to-lymphocyte ratio (d-NLR), PLR, monocyte-to-lymphocyte ratio (MLR),
SII, systemic inflammation response index (SIRI), aggregate index of systemic inflamma-
tion (AISI), and PWR. Liver fibrosis assessment was established based on the FIB-4 index.
Additional non-invasive fibrosis markers, such as APRI, AAR, and GPR were evaluated.
The formulas for the aforementioned markers are depicted in Table 6.

Table 6. Formulas of blood-count-derived markers.

Marker Formula

NLR Neutrophil count/lymphocyte count [×103/μL]
d-NLR Neutrophil count/(WBC-neutrophil count) [×103/μL]

PLR Platelet count/lymphocyte count [×103/μL]
MLR Monocyte count/lymphocyte count [×103/μL]

SII (Neutrophil count × platelet count)/lymphocyte count [×103/μL]
SIRI (Neutrophil count × monocyte count)/lymphocyte count [×103/μL]

AISI (Neutrophil count × monocyte count × platelet count)/lymphocyte
count [×103/μL]

PWR Platelet count/WBC [×103/μL]
FIB-4 (Age [years] × AST [U/L])/(platelet count [×103/μL] × √

ALT [U/L])

APRI [(AST/upper limit of the normal AST range) × 100]/platelet count
[×103/μL]

AAR AST/ALT [U/L]
GPR GGT [U/L]/platelet count [×103/μL]

NLR, neutrophil-to-lymphocyte ratio; d-NLR, derived neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte
ratio; MLR, monocyte-to-lymphocyte ratio; SII, systemic immune inflammation index; SIRI, systemic inflammation
response index; AISI, aggregate index of systemic inflammation; PWR, platelet-to-white blood cell ratio; FIB-4,
Fibrosis-4 index; APRI, AST to platelet ratio; AAR, AST to ALT ratio; GPR, GGT to platelet ratio index.
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4.4. Study Outcome

The primary endpoint of our study was to assess whether blood count-derived in-
flammatory markers may serve as predictors of liver fibrosis severity in patients with
psoriasis vulgaris. Fibrosis severity was assessed using the FIB-4 index according to in-
ternational consensus, and quantified as follows: mild fibrosis (low risk of significant
fibrosis: LR-SF, F0-F1) if the FIB-4 index was lower than 1.3, and moderate-to-severe fibrosis
(high risk of significant fibrosis: HR-SF, >F2) if FIB-4 was over 1.3 [9,53,54]. Second, we
investigated whether non-invasive fibrosis markers such as APRI, AAR, and GPR were
efficient in predicting liver fibrosis in patients with psoriasis vulgaris in comparison with
the FIB-4 score.

4.5. Statistical Analysis

The statistical analysis was performed using, and MedCalc Statistic software for Win-
dows, version 22.014. Normality was tested using the Shapiro-Wilk test. Continuous
variables were expressed as the median or mean and standard deviation, while for cate-
gorical variables, the absolute count (n) and proportions were given. Categorical variables
were compared by Chi-square test, while the independent Mann-Whitney test was used for
continuous variables. Correlations were evaluated by Spearman’s correlation coefficient.
The performance of inflammatory scores for predicting liver fibrosis severity was assessed
using receiver operating characteristic (ROC) curve analysis and the area under the ROC
curves (AUCs). The optimal cut-off values for relevant systemic inflammatory markers
were determined using the Youden Index from the ROC curve. The DeLong Z test was used
to compare the AUCs of the serum models. Multivariate logistic regression adjusted for sex
and age, with variables with p < 0.1 in univariate analysis, was performed to identify inde-
pendent prognostic factors associated with liver fibrosis severity. The Hosmer-Lemeshow
test was used to assess the goodness of fit for the logistic regression model. p < 0.05 was
considered statistically significant throughout all the analyses.

5. Conclusions

In our study group, MLR, PWR, and AISI were identified as being prognostic factors
useful for assessing liver fibrosis severity in psoriasis. Additionally, APRI and AAR may be
used as additional non-invasive markers to assess liver fibrosis. These findings bring new
information and highlight once more the strength between psoriasis, systemic inflammation,
and associated comorbidities.

Taking into account the ease and low cost of these ratios, they can be used for a
quick and efficient patient risk assessment, guide future diagnostic means, and initial
therapeutical decisions.
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Abstract: Neutrophilic dermatoses (NDs) are a group of noninfectious disorders characterized by the
presence of a sterile neutrophilic infiltrate without vasculitis histopathology. Their physiopathology
is not fully understood. The association between neutrophilic dermatoses and autoinflammatory
diseases has led some authors to propose that both are part of the same spectrum of diseases. The
classification of NDs depends on clinical and histopathological features. This review focuses on the
recent developments of treatments in these pathologies.
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1. Introduction

The term neutrophilic dermatoses (NDs) was used for the first time in 1964 by Robert
Douglas Sweet to describe a case of febrile neutrophilic dermatosis, currently known as
Sweet’s syndrome.

The most representative entities within this group include pyoderma gangrenosum
(PG), Sweet’s syndrome (SS), pustular dermatoses predominantly subcorneal, generalized
pustular psoriasis (GPP), and those secondary to inflammatory bowel disease (IBD) [1].

In this review, the location of the neutrophil infiltrate (epidermis, dermis, and/or
subcutaneous, the clinical presentation, and the chronicity, which make them unique from
the rest, are used to classify each entity [2]. The first classification of ND was defined
by Wallach and Vignon-Pennamen [3]. Given its initial complexity, it was reformulated,
prioritizing the location of the neutrophilic infiltrate [4].

The pathogenesis of ND is not clearly understood and has been related to abnormal
neutrophil function, inflammasome activation, the malignant transformation of neutrophils
that infiltrate the dermis, as well as genetic predisposition [5].

There are a wide variety of inflammatory markers and cytokines expressed, among
which are CD3 and CD163, IL-1 (α and β), IFN-γ, IL-2, IL-6, IL-8, IL-17, myeloperoxidase,
and TNF-α [6].

A unique case is represented by GPP, whose etiology seems to depend on a loss of
function in IL36RN, the gene that encodes IL-36Ra. The secretion of IL-36 by keratinocytes
or inflammatory cells and the stimulation of autocrine and paracrine pathways trigger an
inflammatory response mediated by cytokines that play a key role in the development of
this disease: CXCL1, CXCL2, CCL20, IL-8, IL-12, IL-1b, IL-23, IL-6, and TNF-a.

Subsequently, because of the release of these cytokines, the activation of T cells occurs,
which produces secretions of IL-22, IL-17, and IFN-c [7].
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The treatment of ND varies according to each subtype. The treatment is based in
controlling the underlying disease, if found, using glucocorticoids. In addition, a wide
variety of alternatives, such as immunosuppressive agents and antimetabolites, as well
as azathioprine, cyclosporine, mycophenolate, and cyclophosphamide, could be added in
the case of an absence of response. Biological treatment varies according to the desired
therapeutic target, as anti-TNF-α, as well as anti-IL 12/IL-23, anti-IL-17, anti-IL-1, anti-IL-
1β, and anti-IL-36, among others, can be used [1].

The objective of this article is to summarize the therapeutic novelties of the main
syndromes that include neutrophilic dermatoses.

2. Sweet’s Syndrome

2.1. Introduction

As previously mentioned, Sweet’s syndrome was first described in 1964 by Dr. Robert
Douglas Sweet, who used the term “acute febrile neutrophilic dermatosis” to describe eight
cases of women with systemic symptoms including fever, leukocytosis, and painful plaques
with an extensive neutrophilic infiltrate on the histopathology. In all cases, infections had
been ruled out; all of them also exhibited a good response to treatment with steroids [1,5].

SS is characterized by erythematous papules or plaques that can occur on the trunk,
upper extremities, head, and neck. It is characteristically accompanied by fever and
neutrophilia. It predominantly affects the female sex and can occur at any age. SS could
be idiopathic or secondary to other pathologies, as well as infections, inflammatory bowel
disease, endocrinopathies, autoimmune diseases, and tumors, among others. It could also
occur with drugs, such as antibiotics, retinoids, antiepileptics, and anti-TNF-α.

Histologically, it presents with a dense neutrophilic infiltrate in the superficial dermis,
which may affect the subcutaneous portion.

2.2. Pathogenesis

The pathogenesis is not exactly known; currently, the postulated hypothesis is that
an external or internal agent triggers an activating signal with the consequent release of
proinflammatory cytokines, among which are IL-1, IL-6, and IL-8, causing neutrophilic
migration to the dermal region [1–3].

In the case of SS, it is crucial to influence the underlying pathology or disorder as the
possible causative agent.

2.3. Treatment
2.3.1. Topical Therapy

In localized lesions, topical or intralesional glucocorticoids could be used.

2.3.2. Systemic Treatment

In addition, targeted therapy based on glucocorticoids is usually necessary, such as
the use of prednisolone, at a dose of 0.5 to 1 mg/kg/day, with a progressive decrease over
4–6 weeks [2]. Our approach is to avoid higher doses of glucocorticoids, and to try to
combine another immunosuppressant whenever the disease needs to be controlled. In
this scenario, second-line treatments, such as dapsone (100–200 mg/24 h) and colchicine
(1.5 mg/24 h), are useful in monotherapy and in combination, with the aim being to
decrease the burden of chronic treatment with glucocorticosteroids [1,2]. The evidence
regarding biological treatments in SS is limited, and mostly represented by case reports
and a few open studies. Likewise, a case of rheumatoid arthritis with SS refractory to initial
treatment with prednisone, infliximab, rituximab, methotrexate, abatacept, tocilizumab,
and golimumab is described in the literature, which finally responded to therapy with
baricitinib [8].

In addition, there is one reported case of a 12-year-old girl diagnosed with CANDLE
syndrome (recurrent fever, visceral inflammation, lipodystrophy, and fixed skin lesions)
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who presented a complete response to tofacitinib [9]. Both cases lead us to consider the
possible role of JAK inhibitors in SS.

A special case is SS associated with inflammatory bowel disease, where TNF-α in-
hibitors, including etanercept, infliximab, and adalimumab, have demonstrated efficacy.
Likewise, the role of ustekinumab in Crohn’s disease has been shown, leading to remission
in a patient with secondary SS [10–13]. See Table 1.

Table 1. Biological agents in the treatment of Sweet’s syndrome.

Biological Agent Dosage Reference

Adalimumab 40 mg every other week (alone or combined with
systemic steroids) [14]

Infliximab
5 mg/kg at weeks 0, 2, and 6, and every 6 to 8 weeks

thereafter (alone or combined with topical or
systemic steroids)

[11,12]

Ustekinumab 90 mg every 8 weeks [13]

Anakinra 100 mg/day subcutaneously (combined with
systemic steroids) [15]

Rituximab

Rheumatoid arthritis protocol, (1000 mg at days 1
and 15) or 375 mg/m2 body surface, 2 additional
cycles at 6 months and 18 months after the initial

dose (combined with systemic steroids)

[14,16,17]

Refractory cases usually require high doses of methylprednisolone (250 mg/24 h for
a period of 3–5 days). Rituximab and anakinra are also postulated as favorable alterna-
tives [2,14–17].

3. Pyoderma Gangrenosum

3.1. Introduction

This entity was described in 1916 by Brocq, and was later renamed in 1930 by Brunsting,
Goeckerman, and O’Leary [18,19]. The prevalence is 5.8 cases per 100,000 inhabitants,
predominantly in the female sex.

Pyoderma gangrenosum is frequently shown in association with systemic pathology,
including inflammatory bowel disease, rheumatoid arthritis, and hematological malignan-
cies. PG is closely related to exposure to drugs, among which colony-stimulating factors,
levamisole, cocaine, and immunomodulatory agents stand out [1–3].

There are different types of PG; approximately 85% are classified as classic ulcerative,
while the other 15% include bullous, vegetative, pustular, peristomal, and superficial
granulomatous variants.

The most common is the ulcerative subtype, which classically presents as single or
multiple lesions. It could be a nodule or pustule that rapidly expands to form a painful
purplish ulcer with a fibrinous bottom and ulcerative edge. It can occur anywhere in the
body and presents pathergy [1–3,5].

It is important to emphasize the increase in morbidity and mortality of patients with
PG compared with controls matched by age and sex [20,21].

3.2. Pathogenesis

The etiopathogenesis underlying this entity is unknown. It is believed to be based on a
dysregulation of innate and acquired immunity. There is an alteration in the response of the
immune system to superantigens as well as neutrophil, TNF-α, IL-12/IL-23 dysfunction,
and genetic predisposition. The role played by neutrophils in this entity is conditioned by
defects in chemotaxis, phagocytosis, and bactericidal ability [1,22].

Other mechanisms implied in the etiology of PG have been described. Recent studies
have focused on the role of lymphocytes and biomarkers. A clonal expression of T lympho-
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cytes has been observed in intralesional and peripheral blood, mainly for CD3+ and CD163
macrophages [22]. In addition, the overexpression of IL-8, IL-16, IL-18, IL-17, IL-23, MMP
(metalloproteinases) 2, 9, and TNF-α, and deregulation between effector T-reg and Th17
cells, has also been demonstrated.

Although its role is not well defined, the expression of IL-1β in PG lesions suggests an
autoinflammatory basis with consequent activation of the inflammasome. Additionally,
genetics is an essential factor contributing to syndromes that associate PG and autoinflam-
matory phenomena, as has been verified with mutation in the Proline-Serine-Threonine
Phosphatase Interactive Protein (PSTPIP)-1 gene that encodes for the CD2-binding protein
1, located on chromosome 15q, which is involved in PG and associated autoinflammatory
syndromes such as PAPA syndrome (pyogenic sterile arthritis, PG, and cystic acne) and
PASH syndrome (PG, acne, and suppurative hidradenitis) [22,23].

3.3. Treatment
3.3.1. Topical Treatment

Regarding treatment, the first line is based on topical treatment, with both analgesia
and topical corticosteroids or tracrolimus [24].

3.3.2. Systemic Treatment
Glucocorticoids

Prednisone is usually administered at a dose of 0.5–1 mg/kg/day up to 2 mg/kg/day,
with a gradual decrease between 4 and 6 weeks, and can be prolonged until comple-
tion at 4–6 months. Some authors recommend methylprednisolone pulses (250–1000 mg)
for 3–5 consecutive days with consequent transition to the oral route, thus achieving a
faster effect.

Immunosuppressants

The commencement of corticosteroid-sparing drugs should be performed as quickly
as possible, because high doses of prednisone are associated with high mortality rates [25].
Among them, oral cyclosporine has emerged as the main immunosuppressant at doses of
2–3 to 4–5 mg/kg/day, and could be used both alone and in combination with glucocorti-
coids. The choice of using cyclosporine against corticosteroids depends on the patient’s
comorbidities. Pre-existing conditions that favor the use of corticosteroids over cyclosporine
include renal failure or oncology history. However, patients with obesity, diabetes mel-
litus, osteoporosis, or peptic ulcer will benefit from cyclosporine [26]. In the same way,
during the reduction in corticosteroids, dapsone 50–200 mg, azathioprine 100–300 mg/day,
methotrexate 10–30 mg/week, cyclophosphamide 1.5–3.0 mg/kg/day, mycophenolate
mofetil 2–3 g/day, mercaptopurine, melphalan, thalidomide, and IVIG could be used. In
addition, there are case series described in patients with PG refractory to conventional
treatment who responded to the association of glucocorticoids with tracrolimus [27,28].

TNF-α Inhibitors

Infliximab, adalimumab, etanercept, certolizumab, and golimumab have recognized
efficacy in refractory PG and are associated with IBD [26], according to a semi-systematic
review published by Ben Abdallah et al. After analyzing 222 articles that included 356 pa-
tients with PG treated with TNF-α inhibitors, an 87% response rate and 67% complete
remission were described, without finding significant differences between different drugs
in terms of effectiveness [23].

Infliximab

In a double-blind randomized clinical trial, Brooklyn et al. compared infliximab with a
placebo, for which 30 patients with PG and IBD were recruited. Subjects were randomized
to receive infliximab 5 mg/kg for 2 weeks. After two weeks of treatment, a response rate
of 46% was observed in the infliximab group vs. 6% in the placebo group. Subsequently,
given the obtained results, an open label trial was carried out that included the rest of the

109



Int. J. Mol. Sci. 2023, 24, 15622

untreated patients; it was observed that at week 6, 90% had presented remission, with
complete resolution in 21% of the patients treated with infliximab [29]. In the review
published by Pascal Juillerat et al., wherein 22 articles with 85 patients with a diagnosis of
PG associated with IBD being treated with infliximab were analyzed, the efficacy of the
treatment in cases of corticosteroid resistance and ulcerative phenotype was concluded [30].
Arguelles-Arias et al. also carried out a retrospective analysis of a cohort of subjects
with PG, in which they showed response rates of 92% and 100% with infliximab and
adalimumab, respectively [31]. In total, 58 cases of PG without IBD treated with anti-TNF-α
have been reported in the literature, of which 41% were idiopathic PG, 17% were associated
with rheumatoid arthritis, 10% were post-surgical/traumatic, 7% were associated with
hidradenitis suppurativa, 4% were associated with monoclonal gammopathy, and 3.5%
were related to cocaine use (levimasol) [32]. There is robust evidence supporting the use of
infliximab in PG, both associated with and unrelated to IBD [29–32]. See Table 2.

Table 2. Biological agents in the treatment of pyoderma gangrenosum.

Biological Agent Dosage Reference

Adalimumab Induction dose of 160 mg at week 0, 80 mg at
week 1, and 40 mg every 2 weeks. [33–35]

Infliximab
5 mg/kg at weeks 0, 2, and 6, and every 6 to
8 weeks thereafter (alone or combined with

topical or systemic steroids)
[29–32]

Certolizumab pegol
400 mg every other week for the first three

injections, followed by 400 mg every 4 weeks
(combined with systemic steroids)

[23,36]

Etanercept 50 mg every 2 weeks [32]

Golimumab
200 mg at week 0, 100 mg at week 2, and every
4 weeks thereafter (combined with topical or

systemic steroids)
[37]

Ustekinumab

90 mg every 8 weeks or at week 0, week 4,
week 8, and every 8 weeks for a minimum of

12 months. Usually administered in the absence
of concomitant therapy

[38–41]

Secukinumab
300 mg subcutaneously initially and later at

weeks 0, 1, 2, 3, and 4, followed by a monthly
maintenance dose

[42,43]

Canakinumab

150 mg of canakimumab subcutaneously at week
0, with a possible extra dose after two weeks in

cases of refractoriness, as well as an optional
dose of 150–300mg at week 8

[44]

Anakinra

100 mg daily subcutaneously, in combination or
not with glucocorticoids, which can be increased

to 200 mg daily (2mg/kg day) in cases of
inadequate clinical response, or 4 weeks of

loading at 2 mg/kg daily, followed by 100 mg
once daily

[45–48]

Adalimumab

The use of adalimumab has been shown to be effective in cases of recalcitrant PG,
as demonstrated in some cases reported in the literature [33,34]. Similarly, the case of a
patient diagnosed with rheumatoid arthritis treated with methotrexate and etanercept,
who developed refractory PG after 2 months of orthopedic surgery, has recently been
published [35]. Initially, it was decided to add prednisone, despite which remission was
not achieved; thus, it was decided to change etanercept to adalimumab, achieving practical
resolution of the lesions after 25 weeks of treatment.
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As previously mentioned, Rousset L. et al. described 14 cases of patients with PG
not associated with IBD treated with adalimumab, of whom 64% presented complete
remission—figures similar to those obtained after treatment with infliximab [32]. Her-
berger et al. analyzed 52 patients with PG who received treatment with biologics or intra-
venous immunoglobulins; it was observed that up to 57.1% (16/28) of the patients treated
with adalimumab experienced complete remission or improvement of the lesions [38].
Lastly, the use of adalimumab has also been described in autoinflammatory patholo-
gies such as PASH and PAPA syndrome, with the adequate response and resolution of
PG [49,50].

Etanercept

Etanercept represents a useful option in cases of recalcitrant PG. According to the series
of cases collected by Rousset L. et al., 47% (9/19) of patients presented complete remission
after treatment with etanercept [32]. Similarly, Herberger et al. conducted a retrospective
cohort study in patients with a diagnosis of PG not associated with IBD, in which clinical
improvement was evidenced in 71.4% (5/7) of patients treated with etanercept [38].

Golimumab

The evidence available in the literature regarding the use of golimumab in PG refers
to a few isolated cases. Diotavelli F. et al. published the case of a 68-year-old subject with a
history of ulcerative colitis, who received treatment with infliximab and adalimumab, and
then suffered an episode of rectocolitis and the appearance of an ulcer in the distal third of
the left leg. After performing a biopsy and screening for infectious disease, treatment with
glucocorticoids and golimumab was started, with excellent clinical evolution [37].

Certolizumab

The use of certolizumab in PG is limited to specific cases, as we previously observed
in the series of cases reported by Rousset L. et al., which added a subject who received
treatment with certolizumab with an adequate response and disappearance of lesions [32]
Similarly, a case of a patient with Crohn’s disease with significant skin involvement due to
disseminated PG, refractory to multiple lines of treatment, was reported; they received cer-
tolizumab with systemic glucocorticoids and tacrolimus, obtaining response and resolution
of lesions after 11 months of treatment [36].

IL-1 Inhibitors

Anakinra

Anakinra acts by inhibiting IL-1 α and β; it plays a fundamental role in the treatment
of monogenic autoinflammatory syndromes, such as CAPS (cryopyrin-associated periodic
syndromes) and Still’s disease in adults [51]. If we delve into the pathophysiology of
PG, the expression of IL-1β and its receptor has been observed in PG lesions, hence
its use in this pathology [1,22,26]. Based on these data, anakinra could play a role in
recalcitrant PG and autoinflammatory syndromes, such as PASH and PAPA syndrome,
with adequate clinical responses to treatment [45–48,52]. The dose used was 100 mg daily
subcutaneously, in combination or not with glucocorticoids, which can be increased to
200 mg daily (2 mg/kg day) in the case of an inadequate clinical response.

Canakinumab

The use of canakimumab is based on the inhibition of IL-1β, widely used in CAPS
and adult-onset Still’s disease [51]. Regarding the evidence supporting its use, a clinical
trial published by Kolios A.G. et al. presented the selection of five subjects diagnosed with
steroid-refractory PG. The intervention consisted of receiving 150 mg of canakimumab sub-
cutaneously at week 0, with a possible extra dose after two weeks in case of refractoriness,
as well as an optional dose of 150–300 mg at week 8 based on clinical assessment. At week
16, 80% of the patients presented improvements and 60% exhibited complete remission [44].

IL-17A Inhibitors

Secukinumab
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There are no clinical trials or case series that support the use of secukinumab; therefore,
its evidence is relegated to reports of isolated clinical cases. The PG subtype that has
presented a favorable response in the reported cases is ulcerative, one of which is post-
surgical. Usually, they are patients who have presented refractoriness to conventional
treatment lines, in which it is used as an off-label drug. The dose used in both clinical cases
was 300 mg subcutaneously initially, and later at weeks 0, 1, 2, 3, and 4, followed by a
monthly maintenance dose [42,43].

IL-23 Inhibitors

Ustekinumab

Ustekinumab is used in the management of PG, including severe and recalcitrant cases,
at a dose of 90 mg every 8 weeks or at week 0, week 4, week 8, and every following 8 weeks
for a minimum of 12 months. It is usually administered in the absence of concomitant
therapy [38–41]. It could be an option than may control both PG and Crohn disease. As we
have seen, it is an interesting option in cases of intolerance, contraindication, or resistance
to TNF-α inhibitors or steroids [53].

Anti-IL-17 Receptor

Brodalumab

Two cases are described, both with coexistent hidradenitis suppurativa, in which a
weekly subcutaneous dose of 210 mg/1.5 mg was used as HS treatment, achieving practical
resolution of the PG lesions [54].

Anti-IL-6 Receptor

Tocilizumab

As we already know, IL-6 plays a fundamental role in the inflammatory cascade;
hence, its blocking can have favorable effects in multiple pathologies dependent on its
activation. Two cases of favorable response to tocilizumab are described in the literature.
The first describes a patient with rheumatoid arthritis and interstitial lung disease who was
diagnosed with PG. Initially, treatment with glucocorticoids was established at a dose of
0.5 mg/kg/day with poor response. Subsequently, given the contraindication for the use
of anti-TNF due to the pulmonary involvement, the use of tocilizumab was chosen, with
an initial dose of 162 mg subcutaneously every two weeks. Finally, the patient presented
adequate clinical evolution after IL-6 blockade with practical resolution of the lesions [55].
The second case was a patient with a longstanding history of PG refractory to multiple lines
of treatment who was recently diagnosed with Takayasu’s arteritis. Given this situation, the
decision was made to start tocilizumab, with a favorable response: control of the disease
and healing of lesions [56].

Anti-IL-23

Tildrakizumab

There are three cases in the literature in which tildrakizumab has been used as a
treatment for PG. The cases described in these reports were of ulcerative PG and vegetative
PG subtype. The patients had coexisting entities such as polymyalgia rheumatica and
PASH. The initial dose used was 100 mg subcutaneously in weeks 0 and 4, and then later
every 12 weeks; after the start of the treatment, it was possible to reduce the concomitant
immunosuppressive treatment as well as heal the lesions [57–59].

4. Hidradenitis Suppurativa

4.1. Introduction

Hidradenitis suppurativa (HS) was initially described in 1839 by the French surgeon
Verneuil [60]. It is a chronic, recurrent, and debilitating inflammatory disease that usually
presents after puberty with deep, inflamed, and painful lesions, spreading exclusively
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to body areas with the presence of apocrine glands, the most affected regions being the
axillary, anogenital, and inguinal regions [61].

Regarding its epidemiology, despite the fact that the real prevalence is unknown,
it is estimated that it can be between 0.00033% and 4.10%, with a predominance in the
female sex and the African American race. There are no exact data on the actual incidence,
although according to a retrospective study it could be 11.4 cases per 100,000 inhabitants,
with twice the number of cases in women. The age distribution is situated between 18 and
44 years.

Multiple comorbidities are associated with HS, including obesity and smoking. In
addition, there is a higher prevalence of psoriasis among patients suffering from this
entity. Approximately 40% of HS patients have an affected family member, implying a
genetic predisposition.

4.2. Pathogenesis

In relation to its etiopathogenesis, the primary event consists of follicular hyperk-
eratosis that, consequently, produces a rupture of the hair follicle and inflammation of
the apocrine glands. Both interleukin IL-17 and TNF-α play fundamental roles. Elevated
levels of TNF-α in the skin and serum IL-17 correlate with the severity of the disease. The
involvement of sex hormones in this pathology is not exactly known [62].

4.3. Classification

Treatment depends on the severity of the disease, which is graded according to the
Hurley scale:

• Hurley I—Abscesses, single or multiple, without fistulous tracts or scarring;
• Hurley II—Abscesses separated from each other and recurrent with fistulous tracts

and scarring;
• Hurley III—Multiple abscesses with fistulous tracts and abundant scarring [63].

4.4. Treatment
4.4.1. Non-Pharmacological Treatments

Therapeutic options vary from pharmacological therapy to surgical interventions.
Among non-pharmacological interventions, lifestyle changes stand out. Cessation of smok-
ing seems to have potentiating effects in terms of reducing the severity of the disease [64].
In the systematic review carried out by Weber et al., which included a total of 2829 patients,
a significant but weak improvement was observed in the patients who lost weight and
changed their diet. The same occurred with those who were supplemented with oral
vitamin D and zinc [65].

4.4.2. Topical Treatment

Topical therapy is the first-line therapy in localized forms. Its use is also recognized
as a complement to systemic therapy in more complex forms. It consists of the use of
antiseptics, topical antibiotics, keratolytics, and/or intralesional corticosteroids.

4.4.3. Systemic Treatment
Antibiotics

Regarding systemic treatment, we must emphasize the role of antibiotics. Among them, in
the first line, we find oral tetracyclines, which are very useful because of their anti-inflammatory
effects. Subsequently, in the second and third lines, we find clindamycin–rifampicin and
metronidazole/moxifloxacin/rifampicin, respectively. There is also a report of the use of
ertapenem in cases refractory to other lines of antibiotic therapy, with an adequate response.

The use of dapsone should be relegated to third-line treatments, especially in those
patients with moderate involvement (Hurley I–II) if the first- and second-line treatments
have failed. The dose used varies between 25 and 200 mg daily, and it is recommended for
at least 3 months [66].
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There is little evidence about the use of zinc in patients with Hurley stage I and II;
despite this, it seems that its key role in innate immunity could be favorable in certain
cases [67].

Retinoids

Retinoids are also a fundamental part of the therapeutic arsenal for this pathology.
They are usually relegated to the second or third line, when antibiotics have failed. The
best known is acitretin, at doses of 0.2 to 0.88 mg/kg per day. It seems that there are many
factors that predispose one to a better response with this drug, among which are a family
history of HS, elevated levels of activity, and a history of acne conglobata [68–70]. In the
case of isotretinoin, evidence about its use is contradictory; usually, the dose used is 0.5 to
1.2 mg/kg [69,70].

Biological Treatment

In recent years, the use of biological therapy has increased. Immunomodulation is
essential in refractory or severe cases. Treatments are based on IL-1 (anakinra), IL-12/23
(ustekinumab), IL-17 (secukinumab), and the TNF-alpha (infliximab, adalimumab) block-
ade. To date, only adalimumab has been approved for first-line therapy, and infliximab for
the second line [66].

TNF-α inhibitors
Adalimumab

Adalimumab is a recombinant human monoclonal antibody against TNF-α effective
for moderate and severe cases. The most relevant clinical trials in relation to its effectiveness
are PIONEER I and II [71], which included a total of 633 patients who were randomized to
receive placebo or adalimumab. The design was similar in both trials, the difference being
that in the second trial, concomitant treatment with oral tetracyclines was allowed. The
primary endpoint was clinical response, defined as a greater than 50% reduction in lesions,
this being significantly greater in adalimumab-treated patients compared with placebo
(41.8 vs. 26% in PIONEER I and 58.9 vs. 27.6% in PIONEER II). Based on these results,
adalimumab was approved by the FDA for moderate to severe HS.

Infliximab

Infliximab is a monoclonal chimeric antibody against TNF-α, indicated as the second-
line treatment in moderate–severe cases refractory to adalimumab. Its use in HS has not
been specifically approved in this entity; despite this, the European guidelines recommend
a dose of 5 mg/kg body weight administered on weeks 0, 2 and 6, and then regularly every
8 weeks [68].

IL-1 inhibitors
Anakinra

Anakinra is a recombinant human IL-1 receptor antagonist that blocks the inflam-
matory effects of IL-1. Its efficacy has been demonstrated in two clinical trials. The first
was a randomized clinical trial in 20 patients with Hurley stage II/II, in which the group
randomized to receive anakinra presented clinically significant responses of 78%, while in
the placebo group, this was 30% [72]. Similarly, Leslie et al. carried out an open clinical
trial with five patients diagnosed with HS in the moderate–severe phase who received
treatment with anakinra for 16 weeks, with an objective decrease in activity. The dose usu-
ally administered is 100 mg/day subcutaneously [73]. The HS ALLIANCE group currently
recommends it as a third-line therapy in cases of the failure of TNF-alpha inhibitors [74].

IL-23 inhibitors
Ustekinumab

Ustekinumab is a human IgG1 class monoclonal antibody that modulates IL-12 and
IL-23 signaling. Regarding evidence of its use, a cohort of 17 patients with Hurley stage
II–III HS received 45 mg s.c. at weeks 0, 4, 16, and 28. Of the subjects included, 82% pre-
sented a great clinical improvement [75]. The North American and European guidelines
consider it in cases of refractoriness to previous lines [68,76].
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L-23 inhibitors
Secukinumab

Secukinumab is a human monoclonal antibody directed against IL-17A. There seems
to be an increase in IL-17A in the blood of patients with HS, related to the severity of
the disease. Current clinical guidelines have not mentioned the use of secukinumab in
this entity. However, there are several trials that have reported its use [77,78], including
SUNSHINE and SUNRISE, phase 3 multicenter randomized clinical trials with a total of 541
and 543 patients, respectively. The included cases were patients with moderate–severe HS
who were randomized to receive secukinumab 300 mg s.c. every 2 weeks or every 4 weeks,
or a placebo. The primary endpoint was clinically significant improvement, defined as a
more than 50% improvement in lesions. Of the patients randomized to secukinumab, it
was verified in both trials that the most effective regimen was every 2 weeks. Despite this,
it is necessary to continue investigating the indication in this entity [78]. See Table 3.

Table 3. Biological agents in the treatment of Hidradenitis suppurativa.

Biological Agent Dosage Reference

Adalimumab 80 mg s.c. first week, 40 mg s.c. second week [68,71]

Infliximab 5 mg/kg body weight is administered on week 0,
2, 6, and then regularly every 8 weeks [68]

Anakinra 100 mg/day subcutaneously [72–74]

Ustekinumab 45 mg s.c. at weeks 0, 4, 16, and 28 [68,75]

Secukinumab 300 mg s.c. every 2 weeks, every 4 weeks [77,78]

Regarding immunosuppressive treatment, the following drugs are distinguished.

4.4.4. Glucocorticoids

The European, North American, and HS ALLIANCE clinical guidelines indicate
glucocorticoids as a treatment in severe cases, or in order to perform bridging therapy with
another drug [68,74,76]. The North American and European guidelines recommend a dose
of 0.5–0.7 mg/kg oral prednisolone. Prolonged treatments are not recommended due to
their potential side effects [68,76].

4.4.5. Immunosuppressants

Cyclosporin A

Evidence about the effectiveness of cyclosporin Ais scarce [79,80]. The clinical guide-
lines recommend cyclosporine in cases of first-, second-, or third-line failure. The doses
usually used are 2–6 mg/kg once daily for various durations (5 to 30 weeks) [66,68,79,80].

4.4.6. Hormone Therapy

Hormone therapy is one option to consider; androgens promote the occlusion of the
hair follicle through a proliferation of keratinocytes, giving rise to acanthosis and keratosis
follicularis. The predominance in females—changes with menstruation, a worsening in the
menopause, and improvements during pregnancy—make this theory plausible [78,81].

Among other treatments, we find metformin, which could be beneficial in patients
with polycystic ovaries and diabetes mellitus. The North American guidelines recommend
a dose of 500 mg two or three times a day [69,76,82].

Finasteride can also be considered; it could be useful via its action of inhibiting the
androgen-mediated exacerbation of HS. The North American guidelines recommend doses
of 1.25 to 5 mg/d, which have been reported as effective in several trials. It can be used both
in monotherapy in moderate–severe cases and in additional therapy in severe cases [76,83].
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4.4.7. Other Therapies

Finally, it is worth mentioning spironolactone. According to the North American
guidelines, patients who used spironolactone at doses of 100–150 mg daily showed clinical
improvements after 3–6 months of treatment [76].

Among experimental therapies, the role of the botulinum toxin should be highlighted.
Although the underlying mechanism is not clear, it seems to be a plausible option for
patients with extensive Hurley III involvement [84,85].

The surgical option should be considered in patients with severe involvement with
chronic lesions that do not respond to conventional therapy. Amongst the different surgical
options, we find radical surgical excision, deroofing, drainage, carbon dioxide laser therapy,
and YAG laser therapy [64,74,76].

5. Generalized Pustular Psoriasis

5.1. Introduction

GPP is a relatively rare variant of psoriasis, characterized by the appearance of ery-
thematous plaques with neutrophilic, sterile pustular lesions, associated with systemic
symptoms; the presence of fever, malaise, and elevation of inflammatory biomarkers is
frequent and usually implies increases in morbidity and mortality [85].

The exact prevalence of GPP is unknown; however, it is considered a rare disease.
It can occur in all races, and a certain preponderance in women has been reported. GPP
presents as flares that require long-term control of the disease; these could be precipitated
by external factors such as smoking, infections, pregnancy, and drugs. A paradoxical
reaction to treatment with ustekinumab and TNF-α inhibitors has been described [86]. The
low prevalence of this entity makes the diagnosis difficult. Likewise, there is scant evidence
regarding the optimal management of this pathology [87].

5.2. Pathogenesis

The new advances in the pathophysiology of this disease have broadened the horizons
of possible therapeutic targets for GPP:

• Mutations in IL36RN (gene that encodes the interleukin-36 receptor antagonist) have
been identified in cases of GPP. These loss-of-function mutations result in the hyperac-
tivation of IL-36 signaling. This induces neutrophil epidermal accumulation and the
formation of pustules mediated by the production of inflammatory cytokines;

• Proinflammatory functions of IL-36 can be potentiated by a positive feedback loop
with the IL-17/IL-23 axis. The sustained activation of IL-1 and IL-36 in GPP suggests
that the IL-1/IL-36 inflammatory axis is the main physiopathological mechanism in
GPP. IL-1 inhibition produces a partial response in patients with this entity, suggesting
that IL-1 by itself may not play a central role in GPP; instead, IL-1 may act in a positive
loop with IL-36;

• Mutations in caspase recruitment domain family member 14 (CARD14) and mutations
in the adapter protein family 1 (AP1S3) have also been associated with pustular
psoriasis [88].

5.3. Treatment

Treatment options include topical therapies, phototherapy, and systemic therapies.

5.3.1. Phototherapy

Many phototherapy studies are case reports, and no randomized controlled trials
(RCTs) have been conducted to date. They should be used with caution, and the dose
should be adapted progressively, watching the skin for reactions after each irradiation. Any
recommendations should be categorized as an expert opinion.
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5.3.2. Topical Therapies

Calcipotriene and tacrolimus have been used in monotherapies, and also combined
with systemic therapies to treat severe disease [89].

5.3.3. Retinoids

In a retrospective study that included 10 patients with GPP, acitretin resulted in a good
but slow response, defined as the absence of new pustules within 3 days of treatment, and
clearance of the majority of skin lesions within 4–6 weeks. However, it is important to note
that a relapse could be observed upon acitretin withdrawal [90].

5.3.4. Dapsone

Dapsone is not recommended for use as a first-line drug in cases of flares due to the
slow onset of action. However, it could be considered as an alternative treatment when
there is a poor response to first-line drugs. We initiated 50–100 mg of dapsone in two to
three divided doses per day [85,89].

5.3.5. Immunosuppressants

Cyclosporine

Because of its ability to yield immediate symptomatic relief, cyclosporine is usually
considered as a first-line agent. The general approach is to initiate with cyclosporine
2.5–5.0 mg/kg per day (twice daily), and then adjust the dose based on symptoms [91].

Methotrexate

No RCTs have been performed, probably because of the small number of cases and
the severity of disease, which makes large-scale comparisons difficult [92]. We recommend
the use of methotrexate in patients with joint involvement, or in cases of refractoriness to
the first-line treatment.

Glucocorticoids

Steroids by themselves could induce the formation of pustules, which is why we do
not recommended them as a first-line therapy, although they could be of great help for use
as an adjuvant therapy in cases of severe flares with systemic symptoms [89].

Mycophenolate mofetil

In a case study, improvements in skin lesions were described in one patient after seven
days of treatment with mycophenolate mofetil; these were sustained for 4 months [93].

5.3.6. Biological Treatment
TNF-α Inhibitors

Many case reports describe the efficacy of TNF-α inhibitors. However, a paradoxical
reaction after administration has been reported. The physiopathology of this event is not
fully understood. See Table 4.
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Table 4. Biological agents in the treatment of generalized pustular psoriasis.

Biological Agent Dosage Reference

Etanercept 50 mg of etanercept twice weekly subcutaneously [94]

Infliximab 5 mg/kg body weight is administered on week 0, 2, 6, and
then regularly every 8 weeks [95]

Adalimumab

Dose of 80 mg is given s.c. in adults, and after the second
week, a dose of 40 mg is given s.c. every 2 weeks. If the

efficacy is insufficient, the dose may be increased to
80 mg/administration

[89]

Brodalumab s.c. injections of 210 mg at weeks 0, 1, 2 and then every
2 weeks thereafter [89,96]

Secukinumab Weekly s.c. injections of 300 mg on weeks 0, 1, 2, 3, and 4, and
then every 4 weeks thereafter (may be decreased to 150 mg) [89]

Ixekizumab
s.c. injections of 160 mg at week 0, followed by 80 mg at

weeks 2, 4, 6, 8, 10, and 12, then 80 mg every
4 weeks thereafter

[89]

Table 4. Cont.

Biological Agent Dosage Reference

Guselkumab 100 mg dose subcutaneously on weeks 0 and 4, followed by
100 mg every 8 weeks [97]

Risankizumab 150 mg subcutaneously plus two additional samples at
weeks 4 and 16 [98]

Anakinra 100 mg daily subcutaneously [99,100]

Canakinumab 150 mg subcutaneously per month [100]

Gevokizumab 60 mg subcutaneously every 4 weeks for a total of three
injections (12 weeks) [101]

Spesolimab Single intravenous dose of 10 mg/kg [102]

Infliximab

In a retrospective study, the administration of infliximab in a standard regimen (intra-
venous infusion at weeks 0, 2, and 6, and subsequently every 4 weeks) demonstrated flare
control in four patients after 24–48 h of the infusion. Additionally, in an open-label study
that included 10 patients with GPP flares, the time to pustular clearance ranged from 1 to
8 days [103].

Adalimumab

Adalimumab was described as effective and well tolerated for up to 52 weeks in
10 Japanese patients. Time to remission was variable, from 1 to 4 weeks [89].

Etanercept

A case series that included six patients with GPP showed a reduction in inflammatory
biomarkers and clinical improvement [103].

IL-17A Inhibitors

Brodalumab

In an open-label, multicenter, long-term, phase III study, patients showed improved
clinical status or remission after 12 weeks of treatment. By week 52, 91.7% were in clinical
remission or had improved clinical status with the administration of brodalumab, an IL-17
receptor antagonist [96].

Secukinumab
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Secukinumab is a monoclonal antibody that targets IL-17A, which demonstrated
efficacy in a phase III study that included 12 patients with GPP in Japan. It was used as
a monotherapy or in combination with other immunosuppressant drugs, and resulted in
9/12 patients (75%) achieving a Clinical Global Impression (CGI) score of “very much
improved” at week 12, along with 7/12 patients (58.3%) achieving this at week 52 [89,94];

Ixekizumab

Another IL-17A antagonist, similar to secukinumab, is ixekizumab; efficacy has been
demonstrated in patients with GPP in three phase III, open-label, multicenter studies,
which included Japanese patients with GPP [89,104].

Anti IL-23 and IL-23/IL-12 Inhibitors

Guselkumab

Guselkumab is an IL-23 inhibitor that showed efficacy in a phase III, multicenter,
open-label study in Japan that included 10 patients with GPP. In total, 50% of the patients
showed improvement after one week of the administration of guselkumab [97].

Risankizumab

Risankizumab targets the p19 subunit of IL-23 and was approved in Japan for the
treatment of patients with GPP [98,105].

Anti IL-1β and IL-1R Inhibitors

Anakinra

Anakinra is a recombinant IL-1 receptor antagonist, showing efficacy in reducing
symptoms, normalizing inflammatory biomarkers, and stopping pustule formations in a
patient with GPP and IL36RN mutation after 5 month of treatment [99].

Canakinumab

A monoclonal antibody that targets IL-1β, canakinumab, was used in a patient intol-
erant to anakinra, resulting in complete skin clearance and the improvement of systemic
symptoms [100].

Gevokizumab

Gevokizumab blocks the activation of IL-1β receptors and has shown promising
results in an open-label study in two patients with severe and refractory GPP [101].

IL-36 Pathway Inhibitor

Spesolimab

Spesolimab is a selective, humanized antibody against the IL-36 receptor that blocks
its activation and suppresses the inflammatory response. In a phase II, multicenter, ran-
domized, double-blind, placebo-controlled trial, patients treated with a single intravenous
10 mg/kg dose of spesolimab were more likely to achieve remission, defined by the clear-
ance of pustular lesions within one week, than those in the placebo group [102].

5.4. Other Therapies

Therapeutic granulocyte and monocyte apheresis (GMA) is an extracorporeal circula-
tion therapy that inhibits and removes neutrophils, macrophages, and monocytes, which
accumulate in inflamed tissues. This therapy has shown efficacy in GPP only in case reports,
case series, and reviews. No RCTs have been performed [89].

The majority of treatments discussed previously do not have a prescribing label
for GPP, except in Japan, where TNF-α-blocking agents, IL-17/IL-17R inhibitors, and
IL-23 inhibitors are approved for use against this disease. Brodalumab is also officially
accepted in Taiwan and Thailand [96]. Recently, in September and October 2022, spesolimab
was approved in Japan and the EU, respectively, for the treatment of acute symptoms in
GPP [102]. Prospective studies are needed to review the outcomes and standardize the
treatment of GPP.
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6. Conclusions

In our review, we found that there are certain limitations when it comes to establishing
action protocols in each disease, mainly due to the low quality of scientific evidence at
present. Most of the publications are based on case reports. There are few randomized,
controlled clinical trials; in most cases, the existing publications have small sample sizes,
due to low prevalence rates. Likewise, in many cases, the drugs used for the treatment of
neutrophilic dermatoses tend to have been developed recently, which is why we believe
that it is essential to subsequently elucidate the pathophysiology and molecular pathways
to extend the follow-up times of these patients and to closely monitor both the evolution
and the side effects, in order to construct standardized treatment algorithms in the future.
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Abstract: Nonmelanoma skin cancers (NMSC) are the most common skin cancers, and about 5.4 mil-
lion people are diagnosed each year in the United States. A newly developed T-lymphokine-activated
killer cell-originated protein kinase (TOPK) inhibitor, HI-TOPK-032, is effective in suppressing colon
cancer cell growth, inducing the apoptosis of colon cancer cells and ultraviolet (UV) light-induced
squamous cell carcinoma (SCC). This study aimed to investigate the physicochemical properties,
permeation behavior, and cytotoxicity potential of HI-TOPK-032 prior to the development of a
suitable topical formulation for targeted skin drug delivery. Techniques such as scanning electron
microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy, differential scanning calorimetry
(DSC), hot-stage microscopy (HSM), X-ray powder diffraction (XRPD), Karl Fisher (KF) coulometric
titration, Raman spectrometry, confocal Raman microscopy (CRM), attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR), and Fourier transform infrared microscopy
were used to characterize HI-TOPK-032. The dose effect of HI-TOPK-032 on in vitro cell viability
was evaluated using a 2D cell culture of the human skin keratinocyte cell line (HaCaT) and primary
normal human epidermal keratinocytes (NHEKs). Transepithelial electrical resistance (TEER) at the
air–liquid interface as a function of dose and time was measured on the HaCAT human skin cell
line. The membrane permeation behavior of HI-TOPK-032 was tested using the Strat-M® synthetic
biomimetic membrane with an in vitro Franz cell diffusion system. The physicochemical evaluation
results confirmed the amorphous nature of the drug and the homogeneity of the sample with all
characteristic chemical peaks. The in vitro cell viability assay results confirmed 100% cell viability up
to 10 μM of HI-TOPK-032. Further, a rapid, specific, precise, and validated reverse phase-high perfor-
mance liquid chromatography (RP-HPLC) method for the quantitative estimation of HI-TOPK-032
was developed. This is the first systematic and comprehensive characterization of HI-TOPK-032 and
a report of these findings.

Keywords: NMSC; Strat-M; HaCaT cell line; NHEK cells; cell viability; TEER; air–liquid interface
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1. Introduction

Skin cancer is the most common cancer in the United States (US) [1]. The American
Academy of Dermatology estimates the diagnosis of about 9500 skin cancer cases in US
every day [2]. Nonmelanoma skin cancers (NMSC), including basal cell carcinoma (BCC)
and squamous cell carcinoma (SCC), are the most common skin cancers and are estimated
to affect about 5.4 million people every year in the US [3]. Exposure to ultraviolet (UV)
radiation from the sun is a major environmental carcinogen for approximately 98% of skin
cancers.

TOPK (T-lymphokine-activated killer cell-originated protein kinase), a member of the
mitogen-activated protein kinase (MAPK) protein family [4], is involved in many cellular
functions, including tumor development, cell growth, apoptosis, and inflammation [5,6].
TOPK is highly expressed in many human cancers, such as leukemia, lymphoma, myeloma,
breast cancer, and colorectal cancer [6–11]. Roh et al. [12] reported that acute UV irradiation
increases the protein and phosphorylation levels of TOPK in human skin tissue. Thus,
TOPK could be a promising molecular target for the prevention and control of UV-induced
skin cancer [6].

At present, three TOPK-targeted and specific inhibitors have been developed as follows:
HI-TOPK-032, OTS514/OTS964, and ADA-07 [13]. HI-TOPK-032 (N-(12-cyanoindolizino[2,3-
b] quinoxalin-2-yl)-2-thiophenecarboxamide. Figure 1) directly inhibits TOPK activity in vitro
and in vivo, and is effective in suppressing colon cancer cell growth and inducing the apoptosis
of colon cancer cells [14]. Recently, Roh et al. [15] demonstrated that HI-TOPK-032 can
suppress UV-induced SCC through the TOPK-c–Jun axis and its topical application can be
used as a potential chemopreventive drug against SCC development.

Figure 1. Chemical structures (drawn using Chem Draw® Ver. 21.0.0, CambridgeSoft, Cambridge,
MA, USA) of HI-TOPK-032.

Prior to the development of various topical formulations of HI-TOPK-032, the com-
prehensive characterization of raw drugs to understand the physicochemical nature of
the drug, permeation behavior, and cytotoxicity of this drug to human keratinocyte skin
cells is necessary. The comprehensive physicochemical characterization of raw HI-TOPK-
032 includes residual water content estimation using Karl Fisher coulometric titration
(KFT), particle size and surface morphology using scanning electron microscopy (SEM),
a solid-state nature using X-ray powder diffraction (XRPD) analysis, thermal behavior
using differential scanning calorimetry, hot-stage microscopy, and molecular fingerprinting
using Raman spectroscopy and attenuated total reflectance-Fourier transform infrared
spectroscopy. The cytotoxicity potential of HI-TOPK-032 with increasing drug concen-
tration (0.1 μM to 1000 μM) was evaluated using a 2D cell culture of the HaCaT human
keratinocyte skin cell line. The permeation behavior of HI-TOPK-032 was determined using
Strat-M® synthetic biomimetic membrane with a Franz cell diffusion system. Furthermore,
a sensitive, reproducible, and reliable analytical method was required for the estimation of
HI-TOPK-032 concentration. To the best of our knowledge, no chromatographic methods
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have been reported for the quantification of HI-TOPK-032. In this study, a rapid, specific,
precise, and validated reverse phase-high performance liquid chromatographic (RP-HPLC)
method for the quantitative estimation of HI-TOPK-032 is reported.

2. Results

2.1. Physicochemical Characterization
2.1.1. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX)
Spectroscopy

The SEM micrographs of HI-TOPK-032 (Figure 2A,B) showed irregular-shaped, aggre-
gated particles with varying sizes and rough surfaces. The EDX spectrum (Figure 2C) of
HI-TOPK-032 showed carbon (C), nitrogen (N), oxygen (O), and sulfur (S) elements along
with platinum from the coating.

 

Figure 2. Representative scanning electron microscopic (SEM) images of raw HI-TOPK-032 at
2000× (A) and 20,000× (B) magnifications, and the energy-dispersive X-ray (EDX) spectrum (C) of
raw HI-TOPK-032 showing characteristic elemental peaks.

2.1.2. Differential Scanning Calorimetry (DSC)

The raw HI-TOPK-032 DSC thermogram (Figure 3A) exhibited two endothermic peaks
at ~145 ◦C and ~171 ◦C and a third exothermic peak at ~216 ◦C (Table 1). These observed
peaks are a unique feature of raw HI-TOPK-032 red amorphous powder.

Figure 3. (A) Differential scanning calorimetry (DSC) thermogram of raw HI-TOPK-032 (n = 4);
(B) Representative hot stage microscopy (HSM) images of raw HI-TOPK-032 (Scale bar = 50 μm,
n = 3); (C) X-ray powder diffractograms (XRPD) of raw HI-TOPK-032 (n = 3).
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Table 1. DSC thermal analysis data (n = 4, mean ± standard deviation).

Raw HI-TOPK-032

Endotherm 1 Endotherm 2 Exotherm

Tpeak (◦C) Enthalpy (J/g) Tpeak (◦C) Enthalpy (J/g) Tpeak (◦C)

145.26 ± 3.4 0.3 ± 0.12 171.19 ± 3.41 1.26 ± 0.08 216.54 ± 0.95

2.1.3. Hot-Stage Microscopy (HSM)

As visualized by cross-polarized light microscopy, raw HI-TOPK-032 (Figure 3B)
exhibited an absence of birefringence, indicating the amorphous nature of the drug. No
visual changes or melting of the drug were observed upon heating up to 300 ◦C.

2.1.4. X-ray Powder Diffraction (XRPD)

The XRPD diffractogram of HI-TOPK-032 (Figure 3C) exhibited a typical halo with
an absence of diffraction peaks, indicating the lack of long-range molecular order and the
amorphous nature of the drug.

2.1.5. Karl Fisher (KF) Coulometric Titration

The residual water content of the raw HI-TOPK-032 was found to be 2.464 ± 0.235%
(w/w) (n = 3, mean ± standard deviation). The low water content of the raw HI-TOPK-032
was consistent with the hydrophobic nature of the drug.

2.1.6. Raman Spectrometry and Confocal Raman Microscopy (CRM)

Characteristic peaks were identified using Raman spectrometry (Figure 4A) for raw
HI-TOPK-032 and showed four prominent peaks (Figure 4B) representing 785.31 cm−1 (C-C
functional group), 1638.61 cm−1 and 1677.49 cm−1 (>C=O mixed with NH deformation)
and 2206.83 cm−1 (C≡C functional group). Raman microscopy mapping demonstrated the
homogeneity of the sample (Figure 4C).

 

Figure 4. (A) Raman spectra (n = 3) of raw HI-TOPK-032 using 785 nm laser; (B) Representative
HI-TOPK-032 Raman spectrum with peak values (n = 3); (C) Raman microscopy mapping of raw
HI-TOPK-032 showing 9 spectra using 785 nm laser and Raman map (inset) with the area (white box)
measured via the spectroscopic mapping method (n = 3).
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2.1.7. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
and Fourier Transform Infrared Microscopy

The ATR-FTIR spectrum (Figure 5A,B) of raw HI-TOPK-032 showed a prominent
peak at 2203.82 cm−1 (C≡N functional group) with a consistent spectral pattern seen
at the fingerprint region (<2000 cm−1). The IR microscopy chemical map (Figure 5C)
was consistent with the results obtained using FTIR spectrometry. Table 2 shows the
important characteristic chemical peaks of HI-TOPK-032, which were identified via Raman
spectrometry and FTIR spectrometry.

 

Figure 5. (A) ATR-FTIR spectrum of raw HI-TOPK-032 (n = 3; samples 1–3 represent spectra from
three individual samples); (B) Representative HI-TOPK-032 FTIR spectrum with peak values (n = 3).
(C) FTIR microscopy mapping of raw HI-TOPK-032 showing 9 spectra and an FTIR map (inset) with
the approximate area (red box) measured by the spectroscopic mapping method (n = 3).

Table 2. Spectral peaks from Raman spectrometry and FTIR spectrometry of HI-TOPK-032 (n = 3).

Raman Spectrometry Peaks (cm−1) FTIR Spectrometry Peak (cm−1)

785.31 446.63 1257.69
1638.61 487.36 1283.93
1677.49 522.66 1354.18
2206.83 604.27 1412.92

629.77 1430.98
652.86 1459.59
720.42 1489.19
758.16 1521.73
802.25 1564.88
859.32 1643.51

1029.93 1673.75
1062.59 2203.82
1087.76 3092.39
1126.6 3296.18

1206.07
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2.2. In Vitro 2D Cell Culture Dose–Response Assay with HaCaT and NHEK Cells

In vitro cell viability assays were conducted using HaCaT (Figure 6A) and NHEK cells
(Figure 6B) with increasing HI-TOPK-032 concentrations and an exposure time of 48 h
showed 100% viability at 0 μM (control), 0.1 μM, 1 μM, and 10 μM, and decreased viability
with 100 μM (HaCaT- ≈27%; NHEK- ~39%) and 1000 μM (HaCaT- ≈8%; NHEK- ~6%) of
the drug concentration, respectively.

 

Figure 6. In vitro cell viability assay using (A) HaCaT cells (immortalized transformed human
keratinocyte cell line) and (B) NHEK cells (normal human epidermal keratinocytes) and dose response
with different concentrations of raw HI-TOPK-032 (n = 24 for each concentration). Representative
images of the microscopic examination of HaCat (C) and NHEK (D) cell morphology before and after
treatment with HI-TOPK-032.

HaCat cells were cultured (Figure 6C) in supplemented ADMEM (before treatment)
and non-supplemented ADMEM (during HI-TOPK-032 treatments) with a simple mi-
croscopic observation showing a cuboidal and stratified shape with close packing from
monolayer to multilayer at 48 h of exposure to the drug. Further visual inspection con-
firmed cell rounding, cytoplasmic vacuolation, and cell debris particles at concentrations of
100 μM and 1000 μM.

NHEK cells (Figure 6D) maintained in supplemented KGM (before treatment) and
non-supplemented KGM (during HI-TOPK-032 treatments) upon microscopic observation
showed a typical cobblestone-like morphology with proliferation to a multilayer morphol-
ogy at 48 h of exposure time. Concentrations of 100 μM and 1000 μM showed observable
cell rounding and floating cell debris using light microscopy.

2.3. In Vitro Transepithelial Electrical Resistance (TEER)

The in vitro TEER values recorded over a period of 7 days for the HaCaT immortalized
and transformed keratinocyte cells, either naïve and treated with 100 μM of a raw HI-TOPK-
032 concentration for 3 h, using ENDOHM-24G (Figure 7A) and ENOHM-6G (Figure 7B)
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chambers, indicating that treated cells (either HI-TOPK-032 or DMSO treated) recovered
gradually over a period when compared to naïve cells.

Figure 7. In vitro TEER values recorded using ENDOHM-24G (A) and ENDOHM-6G (B) chambers,
of HaCaT cells at air–liquid interface (ALI) conditions exposed to 100 μM of a raw HI-TOPK-032
concentration for 3 h. TEER values were recorded before and after 3 h of HI-TOPK-032 exposure
and subsequently at 24 h until 7 days. Data shown are the TEER values calculated as the percentage
response of the control/naïve (non-treated) values using n = 4 replicates.

2.4. In Vitro Permeation of HI-TOPK-032 through Strat-M® Transdermal Diffusion Membrane

The in vitro permeation behavior of HI-TOPK-032 from a propylene glycol solution
through the Strat-M transdermal diffusion membrane was evaluated using a Franz diffusion
system. Figure 8 shows the increased permeation of HI-TOPK-032 over 6 h using the Strat-
M membrane without any lag phase. At the end of 6 h, the permeation of HI-TOPK-032
was found to be 139.5 ± 12.4 μg/cm2 with a steady state flux of 0.0241 ± 0.0023 μg/cm2/h.

 
Figure 8. In vitro Franz-cell/Strat-M® permeation profile of HI-TOPK-032 (n = 12, mean ± standard
deviation).

2.5. HPLC Method Development, Optimization, and Validation

Hi-TOPK-032 is hydrophobic and is almost insoluble in water and ethanol. It has
a solubility of 4 mg/mL in DMSO. Thus, a primary stock solution of HI-TOPK-032 was
prepared using DMSO. During analytical method development, the use of methanol or
acetonitrile either alone with water or as a mobile phase resulted in an asymmetric peak
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with a >2 tailing factor. A combination of methanol and acetonitrile at 50:50 v/v with
water produced a symmetric peak with a tailing factor of 1.3362. HI-TOPK-032 was eluted
at a retention time of 4.373 min with a good peak shape and symmetry at a maximum
wavelength of 205 nm, as depicted in Figure 9.

 
Figure 9. RP-HPLC chromatogram of HI-TOPK-032 (retention time = 4.3733 min) in a standard drug
solution of 5 μg/mL.

2.5.1. System Suitability, Linearity and Sensitivity

The system’s suitability parameters, such as peak retention time, area, height, the
number of theoretical plates, and tailing factor, were determined by injecting six replicate
injections of a standard HI-TOPK-032 solution of 5 μg/mL. The % CV of all the parameters
was found to be within the acceptable limit of <2%, as shown in Table 3A. The developed
analytical method was found to fulfill the requirements of system suitability.

Table 3. (A) System suitability parameters of the validated analytical method for HI-TOPK-032
(5 μg/mL). (B) Linearity and sensitivity results of HI-TOPK-032.

(A)

HI-TOPK-032 (5 μg/mL)

Retention
Time (min)

Peak Area
Peak Height

(mAU)

Number of
Theoretical
Plates (USP)

Tailing
Factor (10%)

Mean 4.3733 6,892,319.33 927,983.83 7630.67 1.3362

S.D. 0.0005 9727.43 767.37 1.25 0.0004

%CV 0.0108 0.1411 0.0827 0.0163 0.0279

(B)

Mean ± S.D. (n = 6)

Slope 1,445,602 ± 7756

Intercept 114,432 ± 12,582

Correlation coefficient (r2) 0.9993 ± 0.0002

LOD (μg/mL) 0.010

LOQ (μg/mL) 0.030
CV, coefficient of variation, LOD, limit of detection, LOQ, limit of quantification.
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The standard calibration curves for HI-TOPK-032 were found to be linear in the
concentration range of 0.5 to 8.0 μg/mL with a correlation coefficient (R2) greater than
0.999 (Table 3B). Standard deviations of the slope and intercept for the calibration curves
(n = 6) were 7756 and 12,582, respectively. The LOD and LOQ values were found to be
0.010 μg/mL and 0.030 μg/mL (Table 3B), respectively, indicating the high sensitivity of
the developed analytical method.

2.5.2. Accuracy, Precision, and Recovery

The accuracy and precision values were calculated for the QC samples during intra-
and inter-day runs, as shown in Table 4. The overall % recovery for the LQC, MQC, and
HQC samples at intra- and inter-day runs was found in the range of 95–103%. The % of
RSD and % of bias ranged between 0.05 and 2.90% and 1.02–4.88%, respectively, which
were well within the acceptance criteria of <15%. These results indicate that the developed
method represents the reliable analysis of HI-TOPK-032 in quality control laboratories.

Table 4. Intra- and inter-day accuracy and precision values at different concentration levels for the
validated analytical method.

Conc Level Found Conc. (μg/mL) % Recovery % RSD % Bias

Day 1

LQC (0.5 μg/mL) 0.511 ± 0.008 102.11 ± 1.61 1.58 −2.11

MQC (5.0 μg/mL) 4.886 ± 0.002 97.72 ± 0.04 0.05 2.28

HQC (8.0 μg/mL) 8.245 ± 0.027 103.06 ± 0.34 0.33 −3.06

Day 2

LQC (0.5 μg/mL) 0.482 ± 0.014 96.32 ± 2.79 2.90 3.68

MQC (5.0 μg/mL) 5.171 ± 0.064 103.41 ± 1.28 1.24 −3.41

HQC (8.0 μg/mL) 8.256 ± 0.097 103.20 ± 1.21 1.17 −3.20

Day 3

LQC (0.5 μg/mL) 0.476 ± 0.009 95.13 ± 1.79 1.88 4.88

MQC (5.0 μg/mL) 4.949 ± 0.022 98.98 ± 0.44 0.45 1.02

HQC (8.0 μg/mL) 7.676 ± 0.031 95.95 ± 0.38 0.40 4.05

2.5.3. Robustness, Carry-Over and Stability

To determine the robustness of the developed analytical method, the effect of the
intended change in the mobile phase flow rate and oven temperature on peak retention time,
peak area, the number of theoretical plates, tailing factor, and identified drug concentration
were studied for the LQC, MQC, and HQC samples (Table 5). The slight variation (±5%) in
the mobile phase flow rate and oven temperature showed a slight change in peak retention
times (0.2 min with flow rate change and 0.01 min with oven temperature change) as
expected. With the slight change in oven temperature and flow rate change, the tailing
factor remained within acceptable limits (<2). The percentage of RSD values was found to
be <2%. All the concentrations were identified with slight variation in the mobile phase
flow rate, and over temperature were within the acceptable limits with a % bias <15%,
indicating the robustness of the developed method.

No carry-over was found during the validation of the developed analytical method,
indicating the suitability of the method for routine analysis.

The short-term stability of the drug solution under different storage conditions is
shown in Table 6. The QC samples were stable when kept at bench top (~20 ◦C) in an
auto-sampler (15 ◦C), refrigerator at 4 ◦C and freezer at −20 ◦C for 48 h. All the samples
showed a percentage bias of <5% with the mean concentration after storage within the
acceptable range of ±15% of the nominal concentration.

133



Int. J. Mol. Sci. 2023, 24, 15515

T
a

b
le

5
.

R
ob

us
tn

es
s

of
th

e
va

lid
at

ed
an

al
yt

ic
al

m
et

ho
d.

P
a
ra

m
e
te

r
C

o
n

c.
L

e
v

e
l

R
e
te

n
ti

o
n

T
im

e
(m

in
)

P
e
a
k

A
re

a
N

u
m

b
e
r

o
f

T
h

e
o

re
ti

ca
l

P
la

te
s

(U
S

P
)

T
a
il

in
g

F
a
ct

o
r

(1
0
%

)
F

o
u

n
d

C
o

n
c.

(μ
g

/m
L

)

M
e
a
n
±

S
.D

.
%

R
S

D
M

e
a
n
±

S
.D

.
%

R
S

D
M

e
a
n
±

S
.D

.
%

R
S

D
M

e
a
n
±

S
.D

.
%

R
S

D
M

e
a
n
±

S
.D

.
%

R
S

D
%

B
ia

s

C
ha

ng
e

in
m

ob
ile

ph
as

e
flo

w
ra

te

0.
95

m
L/

m
in

LQ
C

(0
.5

μ
g/

m
L)

4.
59

6
±

0.
00

2
0.

05
2

83
1,

92
8
±

56
73

0.
68

2
81

00
.3

33
±

48
.0

16
0.

59
3

1.
31

3
±

0.
00

3
0.

25
7

0.
49

6
±

0.
00

4
0.

79
1

−0
.7

34

M
Q

C
(5

.0
μ

g/
m

L)
4.

59
2
±

0.
00

2
0.

05
3

8,
06

7,
69

4
±

13
7,

43
0

1.
70

3
77

92
.7

78
±

29
.6

04
0.

38
0

1.
33

6
±

0.
00

2
0.

11
58

5.
50

2
±

0.
09

5
1.

72
8

10
.0

34

H
Q

C
(8

.0
μ

g/
m

L)
4.

59
2
±

0.
00

2
0.

04
3

12
,0

78
,1

81
±

96
,7

46
0.

80
1

74
18

.1
11

±
46

.6
20

0.
62

8
1.

34
4
±

0.
00

1
0.

08
9

8.
27

6
±

0.
06

7
0.

80
9

3.
45

0

1.
00

m
L/

m
in

LQ
C

(0
.5

μ
g/

m
L)

4.
37

3
±

0.
00

3
0.

06
5

78
8,

19
8
±

50
17

0.
63

7
78

19
.1

11
±

50
.1

32
0.

64
1

1.
31

9
±

0.
00

4
0.

33
4

0.
46

6
±

0.
00

3
0.

74
5

−6
.7

84

M
Q

C
(5

.0
μ

g/
m

L)
4.

36
9
±

0.
00

2
0.

05
4

7,
65

8,
98

1
±

13
1,

52
9

1.
71

7
74

93
.6

67
±

67
.1

80
0.

89
6

1.
34

2
±

0.
00

3
0.

24
5

5.
21

9
±

0.
09

1
1.

74
3

4.
37

9

H
Q

C
(8

.0
μ

g/
m

L)
4.

36
9
±

0.
00

2
0.

04
0

11
,4

65
,3

42
±

10
8,

97
9

0.
95

1
71

26
.8

89
±

53
.8

13
0.

75
5

1.
35

3
±

0.
00

3
0.

23
6

7.
85

2
±

0.
07

5
0.

96
0

−1
.8

50

1.
05

m
L/

m
in

LQ
C

(0
.5

μ
g/

m
L)

4.
16

2
±

0.
00

3
0.

06
3

75
6,

24
0
±

75
80

1.
00

2
74

44
.7

78
±

41
.5

93
0.

55
9

1.
32

7
±

0.
00

3
0.

24
4

0.
44

4
±

0.
00

5
1.

18
1

−1
1.

20
5

M
Q

C
(5

.0
μ

g/
m

L)
4.

15
9
±

0.
00

3
0.

06
1

7,
30

7,
76

2
±

12
5,

06
8

1.
71

1
72

27
.0

00
±

41
.3

31
0.

57
2

1.
34

5
±

0.
00

3
0.

21
6

4.
97

6
±

0.
08

7
1.

73
9

−0
.4

80

H
Q

C
(8

.0
μ

g/
m

L)
4.

15
9
±

0.
00

2
0.

05
1

10
,9

47
,2

35
±

92
,6

31
0.

84
6

68
57

.2
22

±
56

.7
90

0.
82

8
1.

35
2
±

0.
00

2
0.

13
9

7.
49

4
±

0.
06

4
0.

85
5

−6
.3

30

C
ha

ng
e

in
ov

en
te

m
pe

ra
tu

re

29
◦ C

LQ
C

(0
.5

μ
g/

m
L)

4.
38

3
±

0.
00

3
0.

07
0

79
2,

88
2
±

62
95

0.
79

4
77

42
.7

78
±

47
.3

16
0.

61
1

1.
31

9
±

0.
00

5
0.

34
9

0.
46

9
±

0.
00

4
0.

92
8

−6
.1

36

M
Q

C
(5

.0
μ

g/
m

L)
4.

38
1
±

0.
00

2
0.

05
4

7,
67

4,
08

9
±

12
7,

47
2

1.
66

1
74

69
.3

33
±

47
.6

17
0.

63
7

1.
34

3
±

0.
00

3
0.

20
1

5.
22

9
±

0.
08

8
10

.6
86

4.
58

8

H
Q

C
(8

.0
μ

g/
m

L)
4.

37
9
±

0.
00

2
0.

04
3

11
,4

92
,9

51
±

10
0,

20
0

0.
87

2
71

02
.2

22
±

49
.2

07
0.

69
3

1.
35

3
±

0.
00

2
0.

18
1

7.
87

1
±

0.
06

9
0.

88
1

1.
61

1

30
◦ C

LQ
C

(0
.5

μ
g/

m
L)

4.
37

3
±

0.
00

3
0.

06
5

78
8,

19
8
±

50
17

0.
63

7
78

19
.1

11
±

50
.1

32
0.

64
1

1.
31

9
±

0.
00

4
0.

33
4

0.
46

6
±

0.
00

3
0.

74
5

−6
.7

84

M
Q

C
(5

.0
μ

g/
m

L)
4.

36
9
±

0.
00

2
0.

05
4

7,
65

8,
98

1
±

13
1,

52
9

1.
71

7
74

93
.6

67
±

67
.1

80
0.

89
6

1.
34

2
±

0.
00

3
0.

24
5

5.
21

9
±

0.
09

1
1.

74
3

4.
37

9

H
Q

C
(8

.0
μ

g/
m

L)
4.

36
9
±

0.
00

2
0.

04
0

11
,4

65
,3

42
±

10
8,

97
9

0.
95

1
71

26
.8

89
±

53
.8

13
0.

75
5

1.
35

3
±

0.
00

3
0.

23
6

7.
85

2
±

0.
07

5
0.

96
0

−1
.8

50

31
◦ C

LQ
C

(0
.5

μ
g/

m
L)

4.
36

0
±

0.
00

3
0.

06
0

79
1,

43
4
±

80
44

1.
01

6
77

89
.3

33
±

50
.6

07
0.

65
0

1.
31

9
±

0.
00

4
0.

33
1

0.
46

8
±

0.
00

6
0.

33
1

−6
.3

36

M
Q

C
(5

.0
μ

g/
m

L)
4.

35
7
±

0.
00

3
0.

06
1

7,
66

9,
94

7
±

12
6,

95
4

1.
65

5
74

72
.5

56
±

65
.9

34
0.

88
2

1.
34

2
±

0.
00

2
0.

15
3

5.
22

7
±

0.
08

8
1.

68
0

4.
53

1

H
Q

C
(8

.0
μ

g/
m

L)
4.

35
6
±

0.
00

2
0.

03
7

11
,4

85
,6

31
±

95
,2

52
0.

82
9

71
29

.5
56

±
44

.1
99

0.
62

0
1.

35
1
±

0.
00

4
0.

30
2

7.
86

6
±

0.
06

6
0.

83
8

−1
.6

74

134



Int. J. Mol. Sci. 2023, 24, 15515

Table 6. Short-term stability of HI-TOPK-032 in quality control (QC) samples under different storage
conditions (data are means, n = 3).

Condition Conc Level Found Conc. (μg/mL) % Accuracy % RSD % Bias

Bench top

24 h
LQC (0.5 μg/mL) 0.496 ± 0.002 99.226 ± 0.438 0.442 0.774

HQC (8.0 μg/mL) 8.286 ± 0.019 103.579 ± 0.243 0.235 −3.579

48 h
LQC (0.5 μg/mL) 0.520 ± 0.001 103.903 ± 0.180 0.173 −3.903

HQC (8.0 μg/mL) 7.812 ± 0.018 97.655 ± 0.227 0.233 2.345

Autosampler
(15 ◦C)

24 h
LQC (0.5 μg/mL) 0.499 ± 0.002 99.705 ± 0.344 0.910 0.295

HQC (8.0 μg/mL) 8.272 ± 0.075 103.397 ± 0.941 0.910 −3.397

48 h
LQC (0.5 μg/mL) 0.517 ± 0.005 103.427 ± 0.960 0.928 −3.427

HQC (8.0 μg/mL) 7.962 ± 0.023 99.521 ± 0.292 0.293 0.479

Refrigeration at
4 ◦C

24 h
LQC (0.5 μg/mL) 0.476 ± 0.004 95.190 ± 0.783 0.822 4.810

HQC (8.0 μg/mL) 7.938 ± 0.218 99.228 ± 2.722 2.743 0.772

48 h
LQC (0.5 μg/mL) 0.510 ± 0.004 101.980 ± 0.824 0.808 −1.980

HQC (8.0 μg/mL) 7.745 ± 0.057 96.817 ± 0.708 0.732 3.183

Freezer at
−20 ◦C

24 h
LQC (0.5 μg/mL) 0.491 ± 0.001 98.182 ± 0.122 0.124 1.818

HQC (8.0 μg/mL) 8.151 ± 0.044 101.887 ± 0.548 0.538 −1.887

48 h
LQC (0.5 μg/mL) 0.512 ± 0.009 102.401 ± 1.797 1.755 −2.401

HQC (8.0 μg/mL) 7.883 ± 0.044 98.533 ± 0.547 0.555 1.467

3. Discussion

HI-TOPK-032 is a newly developed TOPK inhibitor, which is effective in suppressing
colon cancer cell growth and inducing the apoptosis of colon cancer cells [14. Recently, HI-
TOPK-032 has been shown to suppress UV-induced SCC [15]. A detailed physicochemical
characterization and solid-state analysis of a new drug molecule is necessary to understand
its properties prior to the development of a suitable formulation with optimum therapeutic
efficacy. This manuscript reports for the first time a comprehensive physicochemical
characterization of HI-TOPK-032, such as imaging via scanning electron microscopy with
energy dispersive spectroscopy, X-ray powder diffraction analysis, thermal analysis, hot-
stage microscopy, the residual water content estimation using KF titration, and molecular
fingerprinting via spectroscopy. The X-ray diffractogram of HI-TOPK-032 indicates the
amorphous nature of the drug in its supplied form without intense diffraction peaks.
Further, the amorphous nature of HI-TOPK-032 was supported by the absence of crystalline
birefringence in HSM. The DSC thermogram showed two solid phase transition peaks at
~145 ◦C and ~171 ◦C and an exothermic peak at ~216 ◦C indicative of a disorder-to-order
solid-state first-order phase transition. The minimal residual water content of HI-TOPK-032
powder, which was confirmed from KFT, is consistent with the hydrophobic nature of the
drug.

The cytotoxicity potential of HI-TOPK-032 was evaluated using a 2D human cell cul-
ture of HaCaT skin cells and NHEK cells. HaCaT cells are long-lived, immortalized human
keratinocytes derived from adult trunk skin and have been widely used to study epidermal
homeostasis and its pathophysiology [16]. HaCaT cells are a reproducible and reliable
in vitro model for studies on epidermal architecture, inflammatory/repair responses, and
skin metabolism [17–20]. Further, the p53 mutations of HaCaT cells are a distinctive feature
of cutaneous SCC and are used as a model for analyzing skin cancer development. Primary
keratinocytes, NHEK cells, which are isolated from an adult skin epidermis, have been
widely used as a model for inflammatory skin diseases and skin responses to ultraviolet
radiation or oxidative stress [17,21–23]. The in vitro cytotoxicity potential of HI-TOPK-
032 (0–1000 μM) using human skin cells (2D cell culture) was successfully demonstrated,

135



Int. J. Mol. Sci. 2023, 24, 15515

and the results show that the viability of HaCaT and NHEK cells remained high for up
to 10 μM drug dose concentrations, which indicates that the drug may be safe to use
at therapeutic doses. Both HaCaT and NHEK cell viability decreased significantly at a
concentration > 100 μM for the drug dose concentration, indicating a dose-dependent effect
on cell viability.

Strat-M® is a synthetic non-animal-based membrane model that mimics key structural
and chemical features of human skin used for transdermal diffusion studies [24]. The tight
top layer of the Strat-M membrane is coated with lipids simulating the lipid chemistry of
the human stratum corneum (SC), and the lower porous layer simulates the epidermis
and dermis layers of human skin [25]. The permeation behavior of HI-TOPK-032 from
a propylene glycol solution using the Strat-M membrane was evaluated using the Franz
cell diffusion system, and the results showed a linear increase without a lag phase. This
demonstrates the necessity of suitable formulation development of HI-TOPK-032 for skin-
targeted drug delivery with high drug retention for topical applications.

A simple, sensitive, isocratic reversed-phase HPLC method for the quantification of
HI-TOPK-032 was developed and validated. This method was successfully used to evaluate
the drug permeation behavior of HI-TOPK-032 through Strat-M® synthetic biomimetic
membrane.

4. Materials and Methods

4.1. Materials

HI-TOPK-032 (N-(12-cyanoindolizino[2,3-b] quinoxalin-2-yl)-2-thiophenecarboxamide,
C20H11N5OS, molecular weight = 369.4 g/mol, red solid, >98% purity), as shown in
Figure 1, was purchased from Bio-Techne Corporation (Minneapolis, MN, USA). Propylene
glycol (PG, USP/FCC certified), HPLC-grade methanol, and acetonitrile were obtained
from Fisher Scientific (Fair Lawn, NJ, USA). Dimethyl sulfoxide (DMSO, ≥99.5% (GC)),
Tween® 80, and Hydranal®-Coulomat AD were obtained from Sigma-Aldrich (St. Louis,
MO, USA). The Strat-M® membrane (47 mm), a synthetic, non-animal-based transdermal
diffusion test model, was purchased from Millipore Sigma (Danvers, MA, USA).

Transformed keratinocytes from histologically normal human skin (HaCaT cells) were
obtained from AddexBio® T0020001, San Diego, CA, USA. Advanced Dulbecco’s Modified
Eagle’s Medium 1′ (ADMEM, Gibco®), Gibco® Collagen I, Rat Tail, Gibco® Fetal Bovine
Serum (FBS), Gibco® Penicillin-Streptomycin (10,000 U/mL), Gibco® Amphotericin B
(Fungizone), and 96-Well Black/Clear Bottom Plate and Falcon™ Tissue Culture T75 Flasks
were obtained from Thermo Fisher Scientific™ (Thermo Fisher Scientific Inc., Miami, FL,
USA). Resazurin sodium salt was purchased from Acros Organics (Thermo Fisher Scientific
Inc., NJ, USA). In total, 12 mm of Snapwell® inserts (0.4 μm polyester membrane, 6-well
plate) were obtained from Corning, Fisher Scientific, Suwanee, GA, USA). An ENDOHM-
24G Chamber Cup (World Precision Instruments, Sarasota, FL, USA) was used to measure
transepithelial electrical resistance (TEER).

Primary NHEKs (normal human epidermal keratinocytes) and the KGM™ Gold Ker-
atinocyte Growth Medium BulletKit™ (Culture system containing KBM™ Gold™ Basal
Medium and KGM™ Gold™ Single Quots™ supplements) were purchased from Lonza Walk-
ersville Inc., MD, USA. Gibco® Collagen I (Rat Tail), 96-Well Black/Clear Bottom Plate, and
Falcon™ Tissue Culture T75 Flasks were obtained from Thermo Fisher Scientific™ (Thermo
Fisher Scientific Inc., Miami, FL, USA). Resazurin, sodium salt, was purchased from Acros
Organics (Thermo Fisher Scientific Inc., NJ, USA) and Dimethyl Sulfoxide (DMSO) from
Millipore-Sigma, St. Louis, MO, USA.

4.2. Physicochemical Characterization
4.2.1. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX) Spectroscopy

The SEM and EDX data of raw HI-TOPK-032 were acquired with the Phenom ProX
G6 (NanoScience Instruments, ThermoFisher Scientific, Phoenix, AZ, USA) following
similar conditions reported previously [17,26]. The sample was mounted on an aluminum

136



Int. J. Mol. Sci. 2023, 24, 15515

stub with a double-sided adhesive carbon tab (Ted Patella, Inc. Redding, CA, USA). The
powder sample was coated with a platinum alloy (5 nm) using a Luxor platinum sputter
coater (NanoScience Instruments, ThermoFisher Scientific, Phoenix, AZ, USA) under argon
plasma (Airgas, Air Liquide, FL, USA). The SEM micrographs were captured using a
Secondary Electron Detector (SED) at various magnifications at an accelerating voltage of
10 kV, a working distance of approximately 7 mm, and an intensity set on ‘image’ (Phenom
ProX G6 software, NanoScience Instruments, Phoenix, AZ, USA)). The EDX spectrum
of Hi-TOPK-032 powder was obtained at an accumulation voltage of 15 kV using a full
Secondary Electron Detector at an 8000× g magnification.

4.2.2. Differential Scanning Calorimetry (DSC)

The thermal transitions of raw HI-TOPK-032 were determined using a Discovery
Differential Scanning Calorimeter 250 with ultra-high purity (UHP) nitrogen gas (Airgas,
Air Liquide, Palm Beach, FL, USA) with a flow rate of 50 mL/min and TRIOS v5.6.0.87
software for analysis (DSC250 with T-Zero® Technology (TA Instruments, New Castle, DE,
USA). As described in previously published methods [27,28], briefly, 2–5 mg of the sample
was packed into hermetic anodized aluminum T-Zero® DSC pan, and aluminum lids were
hermetically sealed using a T-Zero® hermetic press (TA Instruments, New Castle, DE, USA).
The reference pan was an empty, hermetically sealed T-Zero® aluminum pan. The raw
HI-TOPK-032 samples were heated from 0 ◦C to 300 ◦C at a scanning rate of 5.00 ◦C/min.
Experiments were performed in quadruplicate (n = 4).

4.2.3. Hot-Stage Microscopy (HSM)

Using similar conditions to those described previously, HSM of a raw HI-TOPK-032
powder sample was conducted. A microscopic glass slide containing a powder sample
covered with a glass coverslip was placed on a Mettler FP82 hot stage (Columbus, OH,
USA) attached to a Mettler FP 80 central processor heating unit and heated from 25.0 ◦C to
300.0 ◦C at a heating rate of 5.00 ◦C/min. Thermo-microscopic changes in the sample were
observed under a cross-polarized light microscope (Leica DMLP, Wetzlar, Germany), and
images were captured using a digital camera (Nikon Coolpix 8800, Nikon, Tokyo, Japan)
under a 10× optical objective and 10× digital zoom.

4.2.4. X-ray Powder Diffraction (XRPD)

The crystallinity of raw HI-TOPK-032 powder was determined by X-ray powder
diffraction (XRPD) analysis using similar conditions to those reported previously [17,26,28].
XRPD patterns of raw HI-TOPK-032 powder were recorded using a PANalytical X’pert
diffractometer (PANalytical Inc., Westborough, MA, USA) equipped with a programmable
incident beam slit and an X’celerator detector at room temperature. The powder sample
was loaded onto a zero-background silicon sample holder as a thin layer and scanner over
an angular range of 5.0 to 50.0◦ with a scanning rate of 2.00◦/min using Ni-filtered Cu Kα

(45 kV, 40 Ma, and λ = 1.5444 Å). All measurements were carried out in triplicate.

4.2.5. Karl Fisher (KF) Coulometric Titration

The residual water content of raw HI-TOPK-032 was analytically determined with
Karl Fisher (KF) coulometric titration using similar conditions previously reported by the
authors [29]. The measurements were carried out using a TitroLine® 7500 KF trace titrator
(SI Analytics, Weilheim, Germany) coupled with a generator electrode TZ 1752 and a micro
double platinum electrode KF 1150. Approximately 5 mg of the powder sample was added
to the titration cell that contained the HydranalTM Coulomat AD reagent (Honeywell
FlukaTM, Seelze, Germany). The residual water content of the sample was then accessed
via endpoint titration. All samples were measured in triplicate.
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4.2.6. Raman Spectrometry and Confocal Raman Microscopy (CRM)

Utilizing previously reported conditions [30–32], Raman acquisitions for molecular
fingerprinting were obtained using a 785 nm laser of 30 mW in intensity in the DXR™
Raman system (Thermo Scientific™, Fitchburg, WI, USA) equipped with an Olympus BX41
confocal optical microscope with bright-field illumination (Olympus America, Inc., Chester
Valley, PA, USA) and OMNIC™ for Dispersive Raman v9.12.1019 software. Briefly, each
spectral point was acquired using 16 sample exposures each, with a detector exposure time
of 4 s. A 50 μm confocal hole and 400 lines/mm grating were used. Spectra were baseline-
corrected, and smoothing was performed prior to further analysis. All measurements were
conducted in triplicate (n = 3).

Raman spectral maps were obtained using a 10× objective with 10 μm steps and
3 points each along the x and y axes to acquire 9 individual Raman acquisitions [33,34].
Each map point was acquired using 16 sample exposures with a 4 sec detector exposure
time, 50 μm confocal hole, and 400 lines/mm grating. Baseline correction and smoothing
were performed on the spectra prior to further analysis. These conditions have been
described previously [35,36]. Mapping experiments were conducted in triplicate (n = 3).

4.2.7. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
and Fourier Transform Infrared Microscopy

The ATR-FTIR spectroscopy was performed using the Nicolet™ iS50 FTIR spectrom-
eter (Thermo Scientific™, USA) configured with a deuterated triglycine sulfate (DTGS)
detector. Each spectrum was acquired with 32 scans at a spectral resolution of 8 cm−1 over
the wavenumber range of 4000–400 cm−1. The same experimental conditions were used to
collect a background spectrum. Spectral data were obtained using the OMNIC v9.12.928
software. Baseline corrected and smoothed spectra were used for further analysis. The
conditions used here have been reported previously [30,32,37].

FT-IR microscopy for chemical imaging and spectral mapping was performed using a
Nicolet™ Continuum™ Infrared Microscope (Thermo Scientific™, USA) equipped with
mercury–cadmium–telluride (MCT)/A detector, cooled by liquid nitrogen. Spectral maps
were obtained with a 15× objective, step size 10 μm in the x and y direction, and the
selected aperture was 100 × 100μm. Nine individual acquisitions were acquired. Each
spectrum was collected with 32 scans, an 8 cm−1 spectral resolution, and a wavelength
number range of 4000–700 cm−1. A background spectrum was collected under the same
experimental conditions. Spectral data were acquired using the OMNIC v9.12.928 and
the OMNIC Atlμs™ v9.12.990 software. Spectra were subjected to baseline correction and
smoothening prior to further analysis.

4.3. In Vitro 2D Cell Culture Dose–Response Assay with HaCaT Cells and NHEK Cells

Following previously published growth conditions and methods [17,27,28,32,38], Ha-
CaT cells (immortalized normal human keratinocyte cell line) were grown in collagen
Type I-coated (concentration 5–10 μg/cm2 in PBS) T-75 flasks using Advanced Dulbecco’s
Modified Eagle’s Medium (ADMEM) 1× supplemented with 10% (v/v) FBS, 0.2% v/v
Fungizone (0.5 μg/mL Amphotericin B, 0.41 μg/mL Sodium Deoxycholate), and 1% v/v
Pen-Strep (100 Unit/mL Penicillin, 100 μg/mL Streptomycin) in a humidified incubator
at 37 ◦C and a 5% CO2 atmosphere. At 90% confluence, the HaCaT cells were seeded
into a 96-well Black/Optical Bottom Plate at a density of 5000 cells/well in 100 μL of
supplemented ADMEM, followed by incubation at 37 ◦C and 5% CO2 for 48 h to allow the
attachment of cells to the plate surface. After 48 h, cells were exposed to different HI-TOPK-
032 concentrations. The HI-TOPK-032 solution was prepared by dissolving in 100% DMSO
to produce an initial HI-TOPK-032 4 mg/mL concentration, which was diluted further with
non-supplemented ADMEM. A 100 μL volume of the following drug concentrations was
used: 0 μM (control), 0.1 μM, 1 μM, 10 μM, 100 μM, or 1000 μM was added to each well
with 48 h exposure time and incubation at 37 ◦C and 5% CO2. At the end of exposure time,
the non-supplemented ADMEM with the drug was removed from each well and replaced
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with 100 μL of non-supplemented ADMEM containing 20 μL of 20 μM resazurin sodium
salt dissolved in non-supplemented ADMEM followed by incubation for 4 h at 37 ◦C and
5% CO2. At 4 h, the resorufin fluorescence intensity produced by viable cells was measured
at 544 nm (excitation wavelength) and 590 nm (emission wavelength) using the BioTek
Synergy H1 Microplate Reader equipped with Gen5 v2.09.2 software (BioTek Instruments
Inc., Winooski, VT, USA). The relative % cell viability was calculated using Equation (1).

Relative cell viability (%) =
Sample fluorescence intensity
Control fluorescence intensity

× 100 (1)

NHEKs were grown according to the manufacturer’s instructions in a humidified
incubator at 37 ◦C and 5% CO2 in a collagen-coated T75 flask. After 90% confluence,
5000 cells/well were seeded in a 96-Well Black/Optical Bottom Plate in 100 μL of supple-
mented keratinocyte growth medium (KGM) and allowed 48 h for attachment to the plate
surface in the humidified incubator at 37 ◦C and 5% CO2. At 48 h, the cells were exposed
to increasing concentrations of the raw HI-TOPK-032 drug. A 4 mg/mL raw HI-TOPK-032
stock was prepared in 100% DMSO and diluted further with non-supplemented KGM. The
following drug concentrations: 0 μM (control), 0.1 μM, 1 μM, 10 μM, 100 μM, and 1000 μM
were added to each well with 48 h exposure time in a humidified incubator at 37 ◦C and 5%
CO2 [17] as was conducted previously, to determine the dose-response of NHEKs (n = 24).
After 48 h, the non-supplemented KGM with the drug was removed from each well and
replaced by 100 μL non-supplemented KGM containing 20 μL of 20 μM resazurin sodium
salt followed by 4 h humidified incubation at 37 ◦C and 5% CO2. At 4 h, the resorufin
fluorescence intensity produced by the viable cells was measured at 544 nm (excitation
wavelength) and 590 nm (emission wavelength) using the BioTek Synergy H1 Microplate
Reader with Gen5 v2.09.2 software (BioTek Instruments Inc., Winooski, VT, USA). The %
relative cell viability was determined using Equation (1).

4.4. In Vitro Transepithelial Electrical Resistance (TEER) with Skin Epithelial Cells at Air-Liquid
Interface (ALI)

TEER assesses the in vitro membrane barrier tightness and integrity of the cellular
membrane by recording the blocked electrical signal through resistance measurements.
TEER is an established marker of the tight junction function of cellular layers. HaCaT
cells are nontumorigenic, immortalized keratinocytes from normal skin that exhibit nor-
mal morphogenesis. Using information from previously published methods [18,27,38],
HaCaT cells were grown in supplemented Advanced Dulbecco’s Modified Eagle’s Medium
(ADMEM), with 10% FBS, 1% Pen-Strep (100 U/mL penicillin, 100 μg/mL streptomycin),
0.2% Fungizone (0.5 μg/mL amphotericin B, 0.41 μg/mL sodium deoxycholate) and 1%
GlutaMAX™ in a humidified incubator at 37 ◦C and 5% CO2. After confluence, cells were
seeded at ~400,000 cells per well in 12 mm Snapwell® inserts and ~50,000 cells per well
in 6.5 mm Transwell® inserts (0.4 μm polyester membrane, 6-well plate and 24-well plate,
Corning, Fisher Scientific, Suwanee, GA, USA) using supplemented ADMEM with appro-
priate volumes on the apical side and the basal side as per the manufacturer’s guidelines.
Supplemented ADMEM was changed every second day from the basal side. After a week,
the cells appeared densely packed, forming a monolayer visible via light microscopy, and
the transepithelial electrical resistance (TEER) values were measured using ENDOHM-
24G and ENDOHM-6G Chamber Cups (World Precision Instruments, Sarasota, FL, USA).
Under liquid-covered culture (LCC) conditions, when TEER values reached ~140 Ω·cm2

for 12 mm inserts, and ~100 Ω·cm2 for 6.5 mm inserts, media from the apical side were
removed to facilitate air–liquid interface (ALI) conditions for 72 h. Under ALI conditions,
TEER values were monitored when the value was stabilized at ~100 Ω·cm2 for 12 mm
(~70 Ω·cm2 for 6.5 mm), the cells were exposed to 100 μM HI-TOPK-032 (4 mg/mL stock
solution in DMSO) diluted using non-supplemented media. TEER values were recorded
after 3 h of HI-TOPK-032 exposure with subsequent recordings every 24 h for up to 7 days
using ENDOHM-24G and ENDOHM-6G Chamber Cups. TEER values for naïve- (non-
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treated) and vehicle (DMSO)- treated cells were also recorded simultaneously. TEER was
recorded with 0.5 mL media added to each Snapwell® and Transwell® insert and imme-
diately removed to return the cells to ALI conditions. SigmaPlot® v15 (SYSTAT Software,
Inc., Palo Alto, CA, USA) was used to plot the TEER values between HI-TOPK-032-treated
versus naïve (non-treated) HaCaT cells. All measurements were recorded from four sep-
arate cell inserts (n = 4 replicates). The plot represents data calculated as the percentage
response of the control using Equation (2) [39]:

TEER % control =
Sample TEER Value
Control TEER Value

× 100% (2)

4.5. In Vitro Membrane Permeation of HI-TOPK-032

The in vitro permeation behavior of HI-TOPK-032 from a propylene glycol solution
was determined using Franz diffusion cells (PermeGear, Inc., Hellertown, PA, USA), fol-
lowing similar conditions to those reported previously [17,28]. The Strat-M® membrane
(Millipore Sigma, Danvers, MA, USA), a synthetic, non-animal-based transdermal diffusion
test model membrane that is predictive of diffusion through human skin, was mounted
between two O-rings with an orifice of 0.64 cm2 and sandwiched between the donor and
receptor chambers with a clamp. The receptor chamber was filled with 5 mL of freshly
prepared phosphate-buffered saline (PBS, pH 7.4) containing Tween® 80 (5% w/v). Tween
80 was used as a solubilizer in the receptor medium to maintain sink conditions. The
diffusion cells were maintained at 35 ◦C ± 0.05 ◦C using a precision reciprocal shaking bath
model 25 (Thermo Fisher Scientific, Fair Lawn, NJ, USA) with 30 oscillations per minute.
The HI-TOPK-032 solution was prepared by dissolving 1 mg of the drug in 0.4 mL of
DMSO with the aid of sonication for 10 min followed by the addition of 0.6 mL propylene
glycol. An aliquot of 200 μL of the drug solution was added to the donor compartment,
and 200 μL samples were collected from the receptor chamber at 0.5, 1.0, 2.0, 3.0, 4.0, 5.0,
and 6.0 h time intervals and replaced with an equal volume of the fresh medium. The
samples were then analyzed using HPLC after appropriate dilution using methanol. The
permeation experiments were conducted in triplicate. The cumulative amounts of drug
permeated (μg/cm2) were plotted as a function of time, and the flux at a steady state (J) was
determined as the slope of linear regression analysis for the linear portion of the permeation
curve [17,40].

4.6. High-Performance Liquid Chromatography (HPLC) Method Development, Optimization,
and Validation

All HPLC runs were performed using a reverse-phase high-performance liquid chro-
matography (HPLC) LC 2050C 3D system (Shimadzu, Kyoto, Japan) equipped with the
Luna® C18 silica column, 100 Å, 250 × 4.6 mm (Phenomenex, Torrance, CA, USA) main-
tained at 30 ◦C. This system was operated, and results were acquired and processed by
LabSolutions software (Version 5.110) to control the instrument parameters.

Chromatographic analysis of HI-TOPK-032 was performed in the isocratic mode. The
mobile phase consisted of 25:75 (% v/v) water and a mixture of methanol and acetonitrile
(50:50 v/v), which was pumped at a flow rate of 1 mL/min. The sample injection volume
was 10 μL, and the detection wavelength was 205 nm. The total run time was 7.5 min, and
the total area of the peak was used for drug quantification. A mixture of methanol and
acetonitrile (50:50 v/v) was used as a diluent.

4.6.1. Preparation of Calibration Standard and Quality Control (QC) Samples

A stock solution of HI-TOPK-032 was prepared by dissolving 1 mg of the accurately
weighed drug in 0.4 mL of DMSO with the aid of sonication for 10 min, followed by dilution
to 1 mL using a mixture of methanol/ acetonitrile (50:50 v/v) as a diluent. Standard
solutions of HI-TOPK-032 with drug concentrations in the range of 5–80 μg/mL were
prepared through the dilution of the stock solution with a diluent. An aliquot of 100 μL
of the standard solution was transferred into microcentrifuge tubes (1.6 mL) and diluted
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to a final volume of 1 mL with the diluent to prepare calibration standards with drug
concentrations of 0.5, 1, 2, 4, 6, and 8 μg/mL. Three QC samples were at concentrations of
0.5, 5, and 8 μg/mL representing the low, medium, and high concentrations, respectively.

4.6.2. Assay Validation

Assay validation was carried out according to the International Conference on Harmo-
nization (ICH) guidelines [41].

4.6.3. System Suitability, Linearity and Sensitivity

The system’s suitability was evaluated using six replicate injections of standard so-
lution at 5 μg/mL of HI-TOPK-032. The percentage coefficient of variation (%CV) for the
peak retention time, peak area, peak height, the number of theoretical plates, and tailing
factor was determined with an acceptance criterion of ±2%.

The linearity was determined by the construction of calibration curves using the
calibration standards in triplicate. Linearity was evaluated by linear regression analysis
and calculated by the least square regression method.

The sensitivity of the developed analytical method was determined by estimating the
limit of detection (LOD) and limit of quantification (LOQ) from the signal-to-noise ratio.
The LOD indicates the lowest concentration level, resulting in a peak area of three times
the baseline noise. The LOQ indicates the lowest concentration level that provides a peak
area with a signal-to-noise ratio higher than 10, with precision (% CV) and accuracy (%
bias) within ± 10%. LOD and LOQ were calculated using Equations (3) and (4):

LOD =
3.3σ

S
(3)

LOQ =
10σ

S
(4)

where σ is the standard deviation of the peak response at the lowest concentration of a
regression line and S is the slope of the calibration curve.

4.6.4. Accuracy, Precision and Recovery

Intra-day and inter-day precision (as relative standard deviation, RSD), accuracy (as
concentration bias (%)), and recovery (%) were determined using an assay of 6 replicates of
QC samples on 3 different days. The RSDs for intra-day precision were calculated using the
mean values of 6 replicates at each concentration for a single day, and inter-day RSDs were
calculated from the mean value of 18 determinations on 3 different days. The bias (%) was
calculated as 100 × (nominal concentration − measured concentration)/nominal concen-
tration). Recovery was determined through a comparison of the measured concentration to
the nominal concentration (0.5, 5, and 10 μg/mL of QC samples).

4.6.5. Robustness, Carry-Over and Stability

The robustness of the developed analytical method was evaluated by injecting QC
samples with a deliberate variation of ±5% units of the mobile phase flow rate (1 mL/min)
and the column temperature (30 ◦C). The effect of variation on the peak areas, retention
times, found drug concentrations, the number of theoretical plates, and tailing factor were
evaluated.

Carry-over was determined through the injection of a diluent directly following a high
QC sample run.

The short-term stability of the drug solution was tested by an analysis of triplicate low
and high QC samples during storage for 24 h and 48 h under the following conditions: on
the bench at an ambient temperature (~20 ◦C); in autosampler vials at 15 ◦C; in a refrigerator
at 4 ◦C; in a freezer at −20 ◦C.
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4.7. Statistical Analysis

Data (mean ± standard deviation (SD)) were subjected to one-way analysis of vari-
ance (ANOVA) and Student–Newman–Keuls post hoc testing using Sigma Plot® version
15.0 (Systat Software Inc., San Jose, CA, USA). A probability level of 5% (p ≤ 0.05) was
considered statistically significant.

5. Conclusions

In conclusion, this systematic and comprehensive study reports a complete physico-
chemical characterization of a new TOPK inhibitor, HI-TOPK-032, for the first time. The
physicochemical evaluation results confirmed the amorphous nature of the drug and the
homogeneity of the sample with all characteristic chemical peaks. The in vitro cell viability
assay results confirmed 100% cell viability for up to 10 μM of HI-TOPK-032, demonstrating
biocompatibility as a function of drug dose. An isocratic reversed-phase HPLC assay
with a photodiode array detector for the quantification of HI-TOPK-032 was developed
and validated. This method is simple, accurate, and precise without the use of an internal
standard. This method was used to evaluate the drug permeation behavior of HI-TOPK-032
using the Strat-M® synthetic biomimetic membrane.
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Abstract: In the first wave of COVID-19, up to 20% of patients had skin lesions with variable
characteristics. There is no clear evidence of the involvement of the SARS-CoV-2 virus in all cases;
some of these lesions may be secondary to drug hypersensitivity. To analyze the possible cause of the
skin lesions, we performed a complete allergology study on 11 patients. One year after recovery from
COVID-19, we performed a lymphocyte transformation test (LTT) and Th1/Th2 cytokine secretion
assays for PBMCs. We included five nonallergic patients treated with the same drugs without lesions.
Except for one patient who had an immediate reaction to azithromycin, all patients had a positive
LTT result for at least one of the drugs tested (azithromycin, clavulanic acid, hydroxychloroquine,
lopinavir, and ritonavir). None of the nonallergic patients had a positive LTT result. We found mixed
Th1/Th2 cytokine secretion (IL-4, IL-5, IL-13, and IFN-γ) in patients with skin lesions corresponding
to mixed drug hypersensitivity type IVa and IVb. In all cases, we identified a candidate drug as the
culprit for skin lesions during SARS-CoV-2 infection, although only three patients had a positive
drug challenge. Therefore, it would be reasonable to recommend avoiding the drug in question in
all cases.

Keywords: delayed drug hypersensitivity; skin reaction; SARS-CoV-2; LTT; interleukins

1. Introduction

SARS-CoV-2 is a respiratory virus that can affect multiple organs, causing a wide
range of symptoms in some patients [1]. Cutaneous involvement, in which many types of
skin lesions are identified [2], was described in the first published papers on SARS-CoV-2.
COVID-19 skin reactions were found to be generally higher in Western Europe than in Asia,
with 6.6% reported in Europe compared with 0.2% in Asia [3]. Initially, an Italian group
described six types of skin lesions: maculopapular rashes, urticarial rashes, vesicular rashes,
erythema multiforme, cutaneous vasculitis, and chilblain-like lesions [4]. These lesions
were considered secondary to the infection, but hypersensitivity to the treatments received
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could not be ruled out with absolute certainty [5]. The lesions described in patients with
SARS-CoV-2 infection were very heterogeneous and had a similar pattern to those observed
in delayed drug hypersensitivity reactions (e.g., maculopapular exanthema (MPE) and
fixed drug eruption (FDE)), drug-induced liver injury (DILI), and severe cutaneous adverse
reactions (SCARs) (e.g., Stevens–Johnson syndrome (SJS), toxic epidermal necrolysis (TEN),
drug reactions with eosinophilia and systemic symptoms (DRESSs), and acute generalized
exanthematous pustulosis (AGEP)) [6–9]. The most common drugs prescribed for COVID-
19 treatment were hydroxychloroquine (18.5%), azithromycin (11.1%), lopinavir (7.4%),
ritonavir (7.4%), and paracetamol (9.2%) [3].

Late skin reactions to drugs belong to a mechanism of type IV hypersensitivity medi-
ated by T cells. Advances in our knowledge of the cells and cytokines involved in these
types of reactions have allowed them to be classified into four types (IVa-IVd) [10]. Type
IVa corresponds to T-helper type 1 (Th1) cytokine-driven responses associated with high
IFN-γ/TNF-α secretion. Type IVb corresponds to T-helper type 2 (Th2) cytokine-driven
reactions with the increased secretion of IL-4, IL-5, and IL-13. Type IVc corresponds to the
cytotoxic reactions mediated by cytotoxic CD8 T cells and seems to be the primary mecha-
nism of bullous skin reactions, such as SJS and TEN. Type IVd represents the T-cell-induced
sterile neutrophilic inflammatory response, e.g., AGEP [11].

Diagnostic tests for delayed drug hypersensitivity are scarce. In vivo tests like epicu-
taneous patches are the most readily available. These patches must be prepared with the
suspected drug involved in the reactions (based on a very detailed allergy clinical history)
with an appropriate concentration and vehicle in order to yield accurate results. A positive
result confirms the involvement of the drug, but the predictive value of a negative test is
unknown. Therefore, a drug challenge is still considered the gold standard for diagnosing
a drug allergy. In most delayed reactions, this option is not possible due to the patient’s risk
of reaction and the lack of standardization of the challenged drugs, as a complete single
dose of a drug may rule out an immediate IgE-mediated reaction but not a delayed reaction
that may occur after consecutive doses in a longer treatment.

In recent years, the lymphocyte transformation test (LTT) has been used to diagnose de-
layed drug-induced hypersensitivity reactions by detecting the proliferation of drug-specific
memory T cells [12]. In addition, previous studies have shown that the measurements of
cytokine secretion in PBMCs may be useful in diagnosing drug hypersensitivity [11,13,14].

Our group conducted a prospective, observational, and descriptive study to determine
whether drug hypersensitivity was the real cause of skin lesions. The results have been
reported previously [15]. The aim of the present study was to confirm the mechanism
of hypersensitivity and the drugs involved in the skin lesions observed in patients with
SARS-CoV-2 infection by means of an immunological study.

2. Results

2.1. Design and Setting

Patients were selected from our previous study, which was a prospective, observa-
tional, and descriptive study for which its main objective was to determine whether drug
hypersensitivity could have been a cause of skin lesions in patients admitted to our hospital
with SARS-CoV-2 infection between March and May 2020 [15]. Of the 72 patients included
in this study, 37 were classified as having a possible drug-caused lesion according to the
Spanish Pharmacovigilance System (ASPS) [16]. Of these, only 16 agreed to continue in
the study. In all cases, a complete allergological study was performed via skin tests, epi-
patches, and oral challenges against the drugs used during the period of infection and skin
lesions [15]. In the present study, 11 of these 16 patients agreed to finish the “in vitro” study
(Figure 1). We also included five nonallergic patients (NAPs) who were exposed to these
drugs but did not develop lesions. The main treatments used were dolquine (hydroxy-
chloroquine (HCQ)); azithromycin (AZT); kaletra (lopinavir/ritonavir (LOP/RIT)); and/or
beta-lactam antibiotics, such as amoxicillin/clavulanic acid (AMOX/CLA) or ceftriaxone
(Table 1).
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Figure 1. Study design.

The patients included in this study presented three types of cutaneous lesions: macu-
lopapular exanthema (MPE), urticarial exanthema (UEX), and vesicular exanthema (VEX).
Accordingly, patients were classified as generalized exanthema (n = 10) or cutaneous vas-
culitis (n = 1) (Table 1). In all cases, the time from the start of treatment to the onset of
lesions was between 1 and 15 days, with a mean of 7.5 days. Consistently with the general
characteristics of the most severe COVID-19 patients, 75% of the patients were male and
had a median age of 62 years (IQR 71-58.75).

Epicutaneous patch tests were performed 4–6 months after hospital discharge, with
a negative result for the eleven patients. In the case of beta-lactam antibiotics, the skin
prick test with late-reaction lecture ware was also performed, and all results were negative.
Afterward, a drug provocation test (DPT) was performed with the implicated drugs on
alternative days. DPTs were performed in 9 out of the 11 patients. Two patients had no
exposure to a DPT; one had no exposure because of the severity of his initial lesions due to
cutaneous vasculitis, and the other refused the DPT. The DPT results were positive in three
patients: two for AZT (late maculopapular exanthema and vesicular exanthema) and one
for AMOX/CLA (macular exanthema). It is important to mention that patient P2 presented
an immediate reaction to 12.5 mg of AZT. In all three cases, the cutaneous lesions were
consistent with the initial ones during COVID-19 treatment (Table 1).
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2.2. Lymphocyte Transformation Test (LTT)

In order to identify the possible culprit drugs causing skin lesions in these patients, we
performed an LTT one year after recovery from COVID-19. An LTT was also performed in
five nonallergic patients. The study was conducted one year after recovery from COVID-19.
In all cases, the LTT was performed using three doses of AZT, AMOX, CLA, HCQ, LOP, and
RIT (Table 2). Ceftriaxone was excluded from the LTT study due to the limited sample size
and the results of the allergology study. The test was considered positive with a stimulation
index ≥ 3. Except for patient 2, who had an immediate reaction to AZT, all patients had
a positive LTT result for at least one of the drugs tested. Three patients tested positive
for AZT (P5, P6, and P10). Of these, patient 5 also had a positive DPT. One patient tested
positive for CLA with a positive DPT (P3). Three patients tested positive for HCQ (P1,
P5, and P9). Four patients tested positive for LOP (P4, P6, P7, and P8). Seven patients
tested positive for RIT (P4, P6, P7, P8, P9, P10, and P11). None of the patients responded
to AMOX. Two patients responded to only one drug, and eight responded to two drugs.
None of the nonallergic patients had a positive LTT result for any of the drugs tested. All
results are shown in Table 2.

2.3. Cytokine Secretion

Next, we analyzed the cytokine secretion of PBMCs in response to all relevant drugs
four days after drug stimulation. In patients with cutaneous lesions, cytokine release was
measured in all conditions with a positive LTT result and at least one negative drug. In the
case of patient 2, who had an immediate reaction to AZT, cytokine secretion was analyzed
at all concentrations of this drug (0.1, 1, and 10 μg/μL) and at 5 μg/μL of RIT. In the group
of nonallergic patients without cutaneous lesions, cytokine secretion was analyzed at a
representative concentration for each drug except for AZT, which did not give any positive
LTT results. In the group of patients with cutaneous lesions, the LTT-positive drugs strongly
induced the secretion of IL-4, IL-5, and IL-13 (Figure 2 and Supplementary Table S1) in most
patients. The levels of these cytokines in the nonallergic patient’s group were consistently
low, and no increase was observed with any of the selected drugs. Although there was
an apparent increase in IFN-γ with the LTT-positive drugs, an increase in IFN-γ was also
observed in three nonallergic patients, which occurred with all tested drugs. It is interesting
to note that patient 2, who had an immediate response to AZM and a negative LTT result,
had very low levels of these cytokines. The response of the other cytokines studied, IL-1β,
Il-6, TNF-α, and IL-10, was inconsistent, as they increased with some treatments but not
others. These cytokines were also increased by some non-proliferation-stimulating drugs
and in control patients.
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Figure 2. Cytokine secretion of PBMCs in response to all relevant drugs. The red bars correspond
to the condition where the LTT result was negative, and the blue bars correspond to the condition
where the LTT result was positive.

3. Discussion

During the first wave of the COVID-19 pandemic, up to 20% of patients had skin
lesions of different characteristics [4,17,18]. The skin lesions associated with COVID-19 were
classified into six categories: maculopapular exanthems, urticarial exanthems, vesicular
exanthems, erythema multiforme, cutaneous vasculitis, and chilblain-like lesions [4]. Due
to the heterogeneity of the treatments, it has not been possible to clearly establish whether
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or not some of the skin lesions that were presented in patients during the first wave of
COVID-19 could be secondary to drug hypersensitivity. In the present study, we analyzed
the possible cause of skin lesions during SARS-CoV-2 infection in 11 patients. Using
lymphocyte proliferation and cytokine secretion assays, we identified a drug candidate as
the culprit despite only three patients having positive drug provocation test results.

The fact that skin manifestations were greatly reduced in subsequent waves when
COVID-19 treatments were changed supports the view that the skin manifestations ob-
served in the first wave were mainly due to hypersensitivity reactions to the drugs used
at that time [19] or to the combination of both the drugs used and the viral strain in the
subsequent waves of COVID-19. Such interactions between drugs and viral infections have
been widely reported for the viruses of the Herpesviridae family and less commonly for
other viruses such as influenza, chikungunya, or HIV [7].

An LTT is recommended for the diagnosis of drug hypersensitivity reactions (DHRs)
in which the distal effector phase is mediated by T cells [12]. After the PBMC culture, the
activation of the lipocytes begins within minutes due to a specific drug antigen presented
by major histocompatibility complex (MHC) class I or II antigen-presenting cells (APCs).
Following T-cell receptor (TCR) activation, Ca2+ increases, and a signaling cascade acti-
vates early antigen recognition genes. Over the next few hours, the expression of genes
encoding several cytokines (IL-2, 3, 4, 5, and 6; IFN-γ; and TGF-β) and early activation
markers increases. One to two days after T-cell activation, IL-2 induces the proliferation of
activated T-cells; consequently, DNA synthesis starts. Approximately three to five days
after activation, T cells enter the functional differentiation phase and produce different
cytokine patterns: Th1, Th2, or Th3. Th1 is mainly associated with the production of IL-2,
IFN-γ, and TNF-α; Th2 is associated with the production of IL-4, IL-5, and IL-13; Th3 is
associated with the production of IL-17A and IL-17F. The type of specific T cell produced
depends on the sensitization phase, and these cytokine patterns determine the effector
functions of T lymphocytes [11]. Several studies have shown that cytokine secretion in
the supernatant of drug-stimulated PBMCs may also be useful in the diagnosis of drug
hypersensitivity [13,14]. The production of Th1 cytokines, mainly IL-2, IFN-γ, and TNF-α,
in PBMCs has been associated with DHR in several studies [11]. High IFN-γ production
by drug-stimulated PBMCs has been observed during the acute allergic phase in SCARs
such as SJS, TEN, DRESS, or AGEP [20]. IL-5 increases in patients with drug-induced
MPE and DRESS [21,22], and it has been proposed as a useful in vitro method for detect-
ing drug sensitization. Furthermore, the combination of IL-5 measures and the LTT may
better indicate drug sensitization than the LTT alone [23]. Other studies have shown a
mixed Th1/Th2 cytokine pattern with the production of IL-5, IL-4, and IL-13 in addition
to IFN-γ. Indeed, high levels of IL-5 and IFN-γ secretion by CD4 cells are associated with
maculopapular exanthema [10] and have been proposed as promising in vitro indicators of
drug hypersensitivity [11,24]. Lochmatter et al. [13] extensively studied the secretion of 17
cytokines and chemokines in PBMCs from patients with well-documented drug allergies.
They found that the measurement of IL-5 combined with IFN-γ, IL-13, or IL-2 is the more
sensitive marker for detecting T-cell sensitization to drugs.

Consistently with this, we found mixed Th1/Th2 cytokine secretion (IL-4, IL-5, IL-13,
and IFN-γ) in patients with skin lesions. Therefore, this allows us to classify these patients
as having mixed type IVa and IVb drug hypersensitivity reactions, corresponding to T-
helper type 1 (Th1) cytokine-driven responses that are associated with high levels of IFN-γ
secretion and Th2 cytokine-driven responses that are associated with high levels of IL-4,
IL-5, and IL-13 secretion.

It is important to note that we found elevated levels of IFN-γ in some patients without
skin lesions, a phenomenon that has been described previously [25,26].

Among the eleven patients studied, an immediate clinical response was observed in
only one case, which was confirmed by a positive oral challenge and a negative LTT result
for AZT. In the remaining cases, a specific immune response to some of the drugs that
the patients had received during treatment could be established, which was not found in
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patients with SARS-CoV-2 infection but in those without skin lesions. Interestingly, only
two patients had a positive oral challenge: one relative to AZT and one relative to CLA.
The discordant results between the oral challenge and LTT could be due to two situations.
Firstly, the drugs were not given for a sufficient time or at a sufficient dose during the
oral challenge. This may be because the drugs used are so toxic that they cannot be given
for long periods without clinical necessity [11]. Alternatively, this may be because the
patient was no longer in an inflammatory state that was present during the viral infection.
the study was carried out 6 months later; therefore, the patient did not have the cofactor
necessary to trigger the cutaneous symptoms again. The 12-month period was chosen for
the in vitro study because this is the recommended latency period for LTT studies in severe
late drug reactions such as DRESS or exanthema multiforme.

On the other hand, it is important to emphasize the importance of performing the
LTT at least 2 months after the resolution of the infection [13,27], with the recommendation
being between 6 and 12 months [28]; otherwise, the risk of false-positive results increases,
as described previously. Indeed, a case of COVID-19-related cutaneous manifestations has
been described in which the proliferation assay was performed 21 days after infection and
reported sensitization to all drugs tested [29]. This may be a sign of hyperreactivity caused
by a viral infection and, consequently, may be a false-positive LTT result.

Therefore, considering that all patients with late reactions presented skin lesions and
had a positive LTT result with a mixed Th1/Th2 cytokine release, it would be reasonable to
recommend avoiding the drug in question in all cases. If drug administration is necessary,
an exhaustive study under allergological supervision with appropriate dosage and admin-
istration time should be carried out. These results highlight the need for a multidisciplinary
approach to the management of adverse drug reactions [5].

4. Materials and Methods

4.1. Lymphocyte Transformation Test (LTT)

The LTT was performed according to Giraldo-Tugores et al. with minor modifica-
tions [30]. PBMCs were freshly isolated from heparinized venous blood samples (30 mL)
using Ficoll (LymphoPrep™) gradient centrifugation. The cells were resuspended in AIM-V
medium (Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA) (2× 106 cell/mL) and
cultured in 96-well U-bottomed plates (200 μL/well) containing the following stimuli:
Dynabeads Human T-Activator CD3/CD28 (1 μL/well) (Gibco) as the positive control;
AIM-V or DMSO medium as the negative control (unstimulated condition); and azitromicin
(0.1 μg/μL, 1 μg/μL, and 10 μg/μL), amoxicilin (100 μg/μL, 200 μg/μL, and 500 μg/μL),
clavulanate (1 μg/μL, 10 μg/μL, and 100 μg/μL), hydroxychloroquine (1 μg/μL, 10 μg/μL,
and 100 μg/μL), lopinavir (0.02 μg/μL, 0.1 μg/μL, 0.5 μg/μL, and 2.5 μg/μL), and ritonavir
(0.04 μg/μL, 0.2 μg/μL, 1 μg/μL, and 5 μg/μL). Cultures were performed in triplicate and
incubated for 4 days in a humidified incubator (37 ◦C and 5% CO2). On day 4, the culture
plates were centrifuged, and 100 μL aliquots of the culture supernatant were transferred
to another 96-well plate and stored at −40 ◦C for cytokine analysis. Then, 100 μL of fresh
AIM-V medium containing 10 μCi of 3H-thymidine (PerkinElmer, Waltham, MA, USA) was
added to the cells and gently resuspended on the cell pellet. On day 6, the cultures were
transferred to a Multiscreen®-HV 96-Well Filter Plate (Merck Millipore, Burlington, MA,
USA), and cells were harvested using a MultiScreen®Vacuum Manifold (Millipore). Each
96-well filter was punched into a scintillation vial, and radioactivity incorporated into the
DNA was measured using a liquid scintillation counter (PerkinElmer). The proliferative
response was expressed as a stimulation index (SI), which was calculated using the ratio of
disintegrations per minute (dpm) of the drug-stimulated T cells and the mean of dpm of the
unstimulated T cells. As part of the standard criteria, an SI > 3 in at least one concentration
was considered positive.
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4.2. Secreted Cytokine Measurement

Four-day cell-culture supernatants were centrifuged and stored at −40 ◦C. Th1 (IFN-γ,
IL-1β, and TNF-α) and Th2 (IL-5, IL-4, IL-6, IL-10, and IL-13) cytokines were measured
using the MILLIPLEX® MAP Human High Sensitivity T Cell Magnetic Beads panel (Merck
Millipore) according to the manufacturer’s instructions and were acquired on the Luminex
Magpix System (Luminex, Austin, TX, USA).

5. Conclusions

Using lymphocyte proliferation and cytokine secretion assays, we identified a drug
candidate as the culprit of skin lesions during SARS-CoV-2 infection despite only three
patients having positive drug provocation test results. Therefore, considering that all
patients with late reactions had presented skin lesions and had a positive LTT result with
an increase in cytokine secretion, it would be reasonable to recommend avoiding the drug
in question in all cases.
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Abstract: Cutaneous cancers are, by far, the most common malignant neoplasms of the human being.
Due to the great array of clinical conditions, their worldwide increasing incidence and the steady
ageing of the population, non-invasive treatments modalities that show a good clinical response, a
proper benefit–risk ratio and cosmetic results are becoming increasingly important in the clinical
setting. Imiquimod is a topically applied immunomodulator which is often used in the management
of several premalignant and malignant cutaneous disorders. This article is a review of the current
literature on its mechanism of action, pharmacokinetics, and therapeutical effects.

Keywords: imiquimod; immunomodulation; immunotherapy; topical administration; skin neoplasms;
actinic keratosis; basal cell carcinoma; melanoma

1. Introduction

Cutaneous cancers are by far the most common neoplasms in humans, comprising
a third of all diagnosed malignancies [1–4]. Approximately 10–30% of individuals will
develop skin cancer during their lifetime, which poses a serious challenge for healthcare
systems [5,6]. For instance, the annual cost of treating skin cancer in the United States
is estimated at USD 8.1 billion and is growing faster than that for any other type of
tumour [6,7].

Basal cell (BCC) and squamous cell carcinomas (SCC) comprise up to 80% and 20%
of nonmelanoma skin cancers (NMSC) or keratinocyte cancers, respectively [2,5]. At least
80% of NMSC cases appear in patients older than 60 years of age [2,8]. The number of new
diagnosed cases of NMSC has increased by an annual rate of 3–8% during the last decades.
For instance, in the United States alone, their incidence has more than tripled between 1984
and 2014 [6,9]. Different causes have been proposed to explain this phenomenon, such as
iatrogenic immune suppression and an increased exposure to ultraviolet (UV) radiation due
to a longer lifespan, more frequent outdoor activities, and ozone layer depletion [4,8,10].

Due to their easily detectable nature, prompt diagnosis and local management are
usually achieved [5]. Despite their high overall survival rate, NMSC are associated with
considerable morbidity due to disfigurement and functional impairment [5].

The management of NMSC comprises a wide array of therapeutic options (Table 1) [7,11].
Complete eradication of the tumour is the final and most important outcome [12]. Surgical
removal, preferably via the simplest method, is still the gold-standard treatment for most
skin cancers, with a cure rate greater than 90% [2–5,13]. Nonetheless, the preservation
of function and cosmesis should also be taken into consideration in multiple-location
(i.e., genodermatoses or immunosuppressed individuals) or critically located tumours
(i.e., face) [5,14].

The choice of treatment is thus based on the expected outcome, objective tumoral
parameters (histological subtype, size and anatomical location), cost of treatment, the
patients’ preferences, general health conditions, and estimated life expectancy [8].
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Table 1. Skin cancer treatment modalities [15–18].

Surgery − Mohs micrographic surgery (gold-standard treatment);
− Conventional excision;

Physical therapies

− Electrodessication/curettage;
− Electrochemotherapy;
− Radiotherapy;
− Ablative CO2 laser;

Topical therapies

− Imiquimod;
− 5-fluorouracil;
− Photodynamic therapy;
− Tirbanibulin;

Intralesional therapies

− IFN-α;
− Methotrexate;
− 5-fluorouracil;
− Bleomycin;
− Papillomavirus vaccine;

Systemic therapies

− Immune checkpoint inhibitors (PD-1/PD-L1);
− Hedgehog pathway inhibitors (vismodegib, sonidegib);
− BRAF/MEK inhibitors;
− Chemotherapy;
− Others.

Topical therapies are reserved as intentional healing therapies for low-risk tumours
(i.e., small and superficial), although they can also be employed as palliative strategies in
patients with a high morbidity index or in cases where surgical resection is not feasible or
is contraindicated [11,16].

Among topical therapies, immune response modifiers (IRM) stand out for their direct
and indirect stimulation of antitumor innate and adaptative immune responses, tissue-
sparing and function-preserving properties [1,5,14,19]. Imiquimod (IM) is the most used
topically applied IRM and was first approved by the Food and Drug Administration (FDA)
in 1997 for the treatment of adult external genital and perianal warts [1,4,20]. Indications
for head and scalp non-hypertrophic actinic keratoses (AK) and non-head and neck super-
ficial basal cell carcinoma (sBCC) were added in 2004 [1,11,13,21]. Since then, it has been
employed off-label for different infectious and neoplastic superficial skin disorders, such as
Bowen’s disease (BD), nodular basal cell carcinoma (nBCC), SCC, lentigo maligna (LM),
melanoma metastases, cutaneous T-cell lymphomas and pyogenic granuloma [1,2,21–23].
However, the scientific evidence supporting its use in these latter conditions is anecdot-
ical and relies mostly on case series and open-label trials, with varying and inconsistent
treatment regimens [24].

Despite its frequent use by dermatologists, the physiologic pathways involved in the
therapeutic action of IM remained elusive in the first years after its approval. This “enigma”
has been partially resolved due to the publication of several articles reporting the effects
of IM on skin cancer cells [10,23,25–27]. For these reasons, the aim of this review is to
better define the molecular mechanisms of action of IM and its indications in cutaneous
neoplastic disorders.

2. Chemical Structure and Pharmacokinetics

The chemical structure of IM is 1-(2-methylpropyl)-1H-imadazo[4,5-c]quinolin-4-
amine (imidazoquinoline) [1,14,28]. This small molecule (240.3 Da) and nucleoside ana-
logue was initially discovered in a programme to develop inhibitors of herpes simplex
virus replication [6,10,14,28–30].

IM is commercially available as an oil-in-water-based 3.75–5% varnishing cream in
sachets [11,31]. Manufacturers recommend its application at bedtime [28]. No more than
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one sachet should be applied to a contiguous area during each application [11,31]. While
treating periocular tumours, it is suggested to apply the product with a swab onto the
lesion to avoid contact with the cornea or conjunctiva [20]. Occlusion should be avoided
since it does not increase efficacy and causes more severe local reactions [1,14,32]. Despite
IM lacking the potential for inducing phototoxic and photoallergic reactions, the exposure
to UV radiation should be minimized because of an increased sunburn susceptibility
secondary to the vehicle [11,14]. Consequently, the site of treatment should be cleaned with
soap and water 8 h afterwards [11,31]. Patients need to wash their hands before and after
its use [11,31].

Therapeutic regimens are individualized according to clinical and/or histological
diagnosis, the severity of the condition and expected tolerance and compliance by the
patient [14]. The frequency of use is highly variable and may be daily with rest periods,
2–3 times/week [14]. etc. The duration of the treatment commonly ranges from 6 to
16 weeks [1].

Despite minimal systemic absorption, with a median bioavailability from 1% (one-
two sachets, five times/week) to 3% (six sachets, five times/week), IM is still classified
as a pregnancy category C drug [14]. Thus, contraception is encouraged for women of
childbearing age while on treatment [11]. In relation to other special populations, it is
unknown whether IM is excreted in the milk [1]. In contrast, its safety in paediatric subjects
aged 2–12 years has been assessed in double-blind RCTs [14].

3. Mechanisms of Action

UV-induced skin carcinogenesis mostly relies on two mechanisms:

• DNA damage. Chronic UV exposure leads to the accumulation of DNA mutations
that surpass the physiological repair mechanisms [4,22]. Whereas UVA (320–400 nm)
causes indirect genetic damage through photooxidative stress, UVB (290–320 nm)
directly induces the formation of thymidine dimers and C-T/CC-TT conversions [33].

• Impaired T-cell immune surveillance, either locally through the reduction in and
inactivation of Langerhans cells (LC), or systemically by skewing the differentiation of
T helper cells to an immunosuppressive phenotype [29,34].

Immunosurveillance is vital for the survival of malignant cells [28]. Tumours develop
different mechanisms to escape recognition by immune cells, such as the following:

• Reduced expression of major histocompatibility complex (MHC) I, preventing antigen
presentation [4].

• Generation of an immunosuppressive tumoral microenvironment through the liberation
of pro-tumoral cytokines (i.e., IL-10 and TFG-β) and the recruitment of CD4+CD25+FoxP3+

regulatory T cells, myeloid-derived suppressor cells, N2-polarized neutrophils, tumour-
associated macrophages and tolerogenic dendritic cells (DC) [4,34,35].

• Resistance to apoptosis [4].

For these reasons, therapeutic agents, such as IM, that simultaneously bypass tumoral
resistance to apoptosis and stimulate immune recognition have a considerable clinical
benefit in the management of cutaneous malignancies [28].

Depending on the molecular target, the effects of IM can be divided into TLR7-
dependent and TLR7-independent.

3.1. TLR7-Dependent Effects

TLR7 plays an important role in recognizing pathogen-associated molecular patterns
(PAMPs) [14,35]. This membrane receptor is mostly found in macrophages, monocytes,
DCs and LCs, although it can be also expressed by other immune cell types [5].

IM mainly binds TLR7, although it can also serve as a TLR8 analogue in high concentra-
tions [28,35]. TLR7-IM binding triggers a MyD88-dependent signalling cascade, recruiting
protein kinases and ultimately stimulating the NF-κβ transcription factor, enhancing the
transcription of numerous pro-inflammatory genes [1,14,19,28].
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The effects of IM are thus pleiotropic, strongly activating the innate immune system
while providing a link to the adaptative immunity [1,14]:

• The innate immune system is the first line of defence against non-specific infectious
pathogens and different physical or chemical insults [1]. Several cell types (neutrophils,
eosinophils, natural killer (NK) cells, basophils and mast cells) participate through
phagocytosis, chemokine synthesis and inflammatory mediators [1].

• Epidermal and dermal plasmacytoid dendritic cells (pDC) are the primary skin cell
population responsive to IM since they are stimulated in vitro using lower doses than
other cell types [14]. IM specifically induces their functional maturation and migration
to regional lymph nodes, which is essential for triggering a profound tumour-directed
T cell response [14,28,34].

• After pDC, macrophages are one of the cell lines more sensitive to this IRM [14].
IM not only stimulates the survival of macrophages through the upregulation of
potent apoptosis inhibitors, such as Fas-associated death domain-like IL-1β-converting
enzyme inhibitory protein (FLICE), but also strongly activates their function through
the upregulation of macrophage inflammatory proteins (MIP)-1α, MIP-1β, IL-1α, nitric
oxide synthase (NOS) and CD40 [14].

• IM has been demonstrated to stimulate the synthesis of IFN-α, IFN-γ, TNF-α, IL-1a, IL-
2, IL-6, IL-8, IL-10, IL-12, G-CSF and GM-CSF via macrophages and DC [1,5,14,19,28].
These molecules (specially IFN-γ, IL-12 and TNF-α), together with LC, skew naïf T
cell differentiation towards a Th1 phenotype, fostering a potent and antigen-specific
adaptative immune response against tumour-associated antigens (TAA) [1,5,14,19,28].

• Interferons play an essential role in the antitumoral effects of IM [4,19]. IFN-α2a and
IFN-α2b inhibit the growth of malignant cells and increase the expression of IL-12βR
in CD4+ T cells [4,19]. The activation of this receptor leads to an additional synthesis of
IFN-γ by naïve T cells [19]. Berman et al. [26] showed that after IFN-α treatment, BCC
cells expressed FasR. FasR-FasL binding can occur after BCC cell– and/or BCC cell–
T-cell interaction and activates the apoptotic extrinsic pathway [26]. Even a suicidal
activation of FasR by BCC cells co-expressing FasR and FasL may happen [26].

• IM also upregulates vital cytokines (i.e., CCL5, CXCL9, CXCL10) for homing T
cells [25]. After 3–6 days of treatment application, a brisk lichenoid and peritu-
moral inflammatory infiltrate consisting mainly of CD45RO+ T lymphocytes, DC and
macrophages develops [2,14,24,29]. Afterwards, the peritumoral and intratumoral
macrophage count increases [14].

• IM also enhances the antigen’s further presentation process to T cells through the
upregulation of costimulatory membrane receptors in antigen-presenting cells (APC),
such as CD40, CD80, CD86 and ICAM1, and the expression of MHC I and MHC
II [1,14]. Increased expression of MHC-I has also been confirmed in BCC cells [4].

• NK cells can also respond to IM [14,28,34]. For instance, it induces the expression of
2′5′-oligoadenylate synthetase and NOS [14,28,34].

• Additional mechanisms through which IM can hamper tumour growth and dissemi-
nation have been described [14,34,36]. It has shown clear antiangiogenic mechanisms
by increasing the synthesis of anti-angiogenic molecules (IL-10, IL-12, tissue inhibitor
of matrix metalloproteinase (TIMP), thrombospondin 1 and 2 (TSP-1/TSP-2)) and
simultaneously downregulating the expression of pro-angiogenic factors (basic fibrob-
last growth factor (bFGF), matrix metalloproteinase-9 (MMP-9), vascular endothelial
growth factor (VEGF), angiogenin and IL-8) [14,34,36]. This could be useful in neo-
plasms with a considerable formation of vessels, such as pyogenic granuloma, Kaposi’s
sarcoma, infantile haemangioma and angiosarcoma [34].

• After exposure to IM, the levels of MMP inhibitors (TIMP-1 and TIMP-2) are increased
14- and 5-fold, respectively, [34]. The cleavage of collagen IV by MMP is essential for
local malignant invasion and systemic dissemination [34].

• Interestingly, IM inhibits IL-13 signalling, which is over-stimulated in most malignant
neoplasms [5,25,28].
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These immune effects correlate with the clinical findings observed in the RCTs and
case series [32,37–41]. Whereas the initial intense inflammatory response within the first
days of treatment depends on the activation of the innate immune system, the continuing
improvement after treatment discontinuation (i.e., AK) might be secondary to the reversal
of local immunosuppression of chronically sun-damaged areas, thus leading to a persistent
and protective antitumoral skin Th1-skewed immunity (“vaccination effect”) [1,14,28].

3.2. TLR7-Independent Effects

It was initially though that the mechanism of action of IM relied only on the stimulation
of the immune system [1]. This assertion was called into question when various authors
reported the clearance of cutaneous lesions after treatment without clinically evident
inflammatory signs [14]. Biopsies taken from BCC and AK after the discontinuation of IM
confirmed the preservation of non-neoplastic cells [26]. Had its mechanism of action been
entirely dependent on immunomodulation, the surrounding normal cells would have been
damaged by the inflammatory infiltrate [29].

Since then, several works have been published that confirm that IRM displays direct
antineoplastic activity:

• Impaired viability of neoplastic cells [29]. Schön et al. [29] detected a mean reduction
in cell count of 40–70% after SCC and HaCaT lines were cultured with IM 50 μg/mL.
The proapoptotic effect was dose-dependent [29].

• Disruption of the electron transport chain through the inhibition of the mitochondrial
complex and cytosolic NQO2, facilitating electron leakage and robust production
and accumulation of ROS [23]. The mitochondrial membrane collapse leads to ATP
depletion, mitophagy and, ultimately, cell death [23].

• Mitochondrial fragmentation through dynamin-related GTPases, such as MFN1/2,
OPA1 and DRP1, facilitating mitophagy [23].

• Activation of inflammasome, leading to increased synthesis of IL-1β and IL-18 [14,23].
• Inhibition of adenosine intracellular receptors in clinical dosing settings, showing the

highest affinity for A1 and A2A subtypes [28]. This blocks an immunosuppressive
feedback which strongly activates proinflammatory pathways [14,28].

These phenomena are more dominant in skin cancer cells than in normal keratinocytes [23].
Among these effects, the induction of autophagy is considered one of the most relevant
mechanisms of action of IM [35]. Autophagy is a cellular response to bioenergetic stress
that permits cell survival via a dual mechanism [10,27,35]:

• Engulfment of large cytoplasmic portions containing damaged organelles and long-
lived macromolecules within double-membrane autophagosomes, subsequently fus-
ing with lysosomes [10,27,35]. This leads to considerable internal remodelling and
helps in maintaining the proper quality of the mitochondrial population [35].

• Generation of glycolytic substrates for ATP synthesis [10].

Autophagy is regulated by a family of highly preserved genes known as the ATG
family and can be activated via the following processes [23,27]:

• ER-stress/PERK/PKR axis through ROS-dependent manner [23].
• Release of cathepsins B (CTB) and D (CTD) into the cytosol [27]. Massive ROS produc-

tion induces lysosomal membrane peroxidation, affecting its integrity and increasing
its permeability [27]. The release of cathepsins lowers the cytosolic pH and activates
additional hydrolases, leading to the indiscriminate digestion of cellular components
and, ultimately, to autophagic apoptosis [23,27]. If severe, it could result in uncon-
trolled cell necrosis [27].

Autophagy plays a dual role in cancer cells depending on the cell type and therapeutic
mechanism of the drug [23]. For instance, IM-induced autophagy in APC accelerates the
elimination of intracellular antigens and fosters the innate immune response [29,35].
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Apart from these, IM shows noteworthy proapoptotic effects in clinical dosing settings,
even in the absence of immune cells, overcoming the resistance of neoplastic cells to death
signals [28]:

Extrinsic pathway (death-receptor induced apoptosis) [27]:

• The longevity of BCC cells is due, at least in part, to the absence of CD95 [26]. On
the other hand, these cells strongly and diffusely express CD95 ligand (FasL), which
is involved in the apoptosis of infiltrating antitumoral T cells, allowing the BCC to
escape the host’s immune surveillance [26].

• IM stimulates the expression of membrane-bound death receptors in sBCC cells,
such as CD95 and CD95L (FasR, Fas-APO1 receptor system) [14,28,29]. CD4+ cells
can trigger the apoptosis of malignant cells through CD95-CD95 ligand binding [4].
When this occurs, a signalling cascade ensues, which ultimately results in DNA
fragmentation, cell–membrane blebbing and the expression of phagocytosis signalling
molecules on the cell surface (Figure 1) [26]. These effects have been confirmed
in vivo by Berman et al. [26], who excised 10 non-head primary BCC immediately
after treatment with either IM 5% or placebo, applied five times/week for two weeks.
The histological clearance rate was 80% in IM-treated BCC (vs. 0% in the placebo
group) [26]. The expression of CD95 in BCC cells was 75% in IM-treated patients (vs.
0% in the placebo group) [26].

• Nevertheless, the expression and activation of CD95 and TRAIL receptors R1-R4 in
SCC cell lines do not significantly change after exposure to IM [29].

Figure 1. Extrinsic pathway of apoptosis induced by imiquimod (IM). Under normal conditions,
basal cell carcinoma cells (BCC) lack CD95, which allows them to elude immunosurveillance. IM
upregulates the expression of CD95 and CD95L in BCC cells, triggering the extrinsic pathway of
apoptosis through BCC cell–BCC cell and BCC cell–CD4+ T cell contact.

Intrinsic pathway (chemically induced apoptosis) [29]:

• It is the main apoptotic mechanism in SCC and melanoma cells, although it has been
observed in BCC as well [10,27]. As a death-receptor-independent apoptosis pathway,
its role in IM-induced apoptosis is critical since its inhibition in vitro with Z-IETD-FMK
leads to increased cell viability [27].

• This pathway is mainly triggered by the bcl-2-dependent release of mitochondrial
cytochrome C into the cytosol [14]. Then, cytochrome C binds APAF-1 and pro-caspase-
9, building apoptosomes, which further activate caspase-9 and caspase-3 [28,29]. This
has been confirmed in BCC cell lines [28,29]. Caspases are essential in IM-induced
apoptosis, since the in vitro use of pan-caspase inhibitors completely abrogates it [28,29].
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• The translocation of cytochrome c depends on the ratio between antiapoptotic (bcl-
2, mcl-1, bcl-xL) and proapoptotic (bax, bak, bid) mitochondrial membrane-bound
proteins [28,29]. IM dramatically and rapidly inhibits the translation of bcl-2, mcl-1,
bcl-xL and other antiapoptotic proteins in BCC cells (Figure 2) [10,14,28]. It has been
shown that IM blocks the initiation and elongation phases of mcl-1 translation by
decreasing the levels of phosphorylated 4E-BP1 and stimulating the phosphorylation
of eEf2 [10].

• CTSB and CTSD, whose release into the cytosol is induced by IM, activate the proapop-
totic protein Bid [27]. This increases the permeability of the mitochondrial outer
membrane, causing cytosolic translocation of cytochrome c, inhibition of mitochon-
drial complex I and a decrease in mitochondrial membrane potential [27].

• CTSD indirectly activates effector caspases (caspase-3 and caspase-7), which, in turn,
target proteins involved in the apoptotic response [27,29]. Importantly, the activation
of caspase-3 has been confirmed in SCC cell lines after treatment with IM, increas-
ing the pro-caspase-3/caspase-3 ratio to 10:1 compared with that of vehicle-treated
cultures [27,29].

• Downregulation of antiapoptotic genes (hurpin and HAX-1) in AK cells [28].
• Oncogenic signalling modulation:
• Downregulation of several MAPK-related genes (MAP2K4, MAPK1, MAPK11 and

MAP3K5) in BSM [25].
• Inhibition of Hedgehog signalling through adenosine receptor/protein kinase A-

mediated GLI phosphorylation [34].

Figure 2. Intrinsic pathway of apoptosis induced by imiquimod (IM). IM induces a disbalance
between mitochondrial proapoptotic (blue: bax, bak, bid) and antiapoptotic (yellow: bcl-2, bcl-xL,
mcl-1), favouring the translocation of cytochrome c into the cytosol. This leads to the activation of
caspases and, ultimately, cell death.

In conclusion, IM fosters a potent tumour-directed response through the activation of
simultaneous and synergistic antineoplastic pathways [14].

4. Clinical Indications

4.1. Actinic Keratoses

AK are intraepithelial dysplasias that involve the basal cell layer and can additionally
extend to the overlying strata [33]. They consist of proliferating atypical keratinocytes
with large nucleus/cytoplasm ratios, hyperchromatic nuclei, marked nuclear and cell
pleomorphism, disordered terminal differentiation and a loss of polarity [33].
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They are the most frequent carcinoma diagnosed in situ in humans [24,33]. AK arise in
chronically light-exposed areas (face, back of the hands, and scalp in bald individuals) and
are thus associated with cumulative lifetime sun exposure (i.e., outdoor work) [8,14,33,42].
Their incidence has continue to increased over the past few decades [33]. The prevalence of
AK in the United Kingdom is estimated to be 34% in males and 18% in females older than
70 years of age [33]. Immunosuppressed hosts have a 250-fold risk of developing AK, with
at least 40% of affected individuals progressing to invasive squamous cell carcinoma [33].
Given its high prevalence, AK pose a considerable burden for healthcare systems [43].
Their diagnosis and treatment cost in the United States surpasses USD 1 billion dollars
annually [43].

Clinically, AK are defined as multiple red-to-brown dry and rough macules or papules,
ranging from a few millimetres up to 2 cm [33]. Sometimes, they are covered by an
overlying hyperkeratotic scale [33].

AK are the best clinical indicator for the development of future cutaneous malignant
neoplasms, especially SCC [42]. They are indeed regarded as the initial stage of a biological
continuum that ranges from AK to BD and SCC [5]. These entities share mutations (p53,
expression of telomerases) and chromosomic aberrations [33].

Nevertheless, the clinical behaviour of AK is unpredictable [43]. Whereas some lesions
tend towards spontaneous regression (approximately 25% per annuum) or persistence
without further changes, others convert to truly invasive carcinomas [43]. The annual
progression rate to SCC has been recently estimated to range from 0% to 0.5% per lesion-
year [43]. The risk seems to be lower in individuals with no history of previous NMSC [44].
Overall, the clinical factors for predicting the subsequent progression of AK are unfortu-
nately not well-defined [5,44]. Given this uncertainty, every patient suffering from AK
should be offered prompt and appropriate management [33,44]. AK are often managed
in the clinical setting as chronic disorders, requiring different and even the repetition of
distinct treatment modalities over the course of time [44,45].

IM is approved as a field cancerization treatment for the management of scalp and
facial non-hypertrophic AK located in a contiguous area measuring 25 cm2 or less [1,31].
Formulations of 2.5%, 3.75% and 5% are approved by the FDA [6]. Less concentrated
formulations display similar efficacy with higher tolerability [6].

It must be applied once to three times per week for one to four months [11,14,18,31].
Additional doses could be prescribed to patients with an incomplete clinical response [11].
The duration and frequency are usually individualized according to the number of lesions
and the severity of the disease, although treatment should not be extended for missed
doses [1,14].

Short-term complete clearance at 3–6 months varies between 17.4–39%, with a mean
reduction in lesion counts ranging from 55 to 86.6% [11,37,40,42,46–51]. At least 59%
of patients experience a reduction in AK lesions by more than 75% [1]. The preventive
potential effect against new clinically evident AK declines after the discontinuation of the
treatment, practically disappearing 9 months afterwards, with a relapse rate of 17.4–39%
and a lesion count near 50% of the baseline numbers [42,45].

Similarly to 5-fluorouracil (5-FU), IM may unmask subclinical preneoplastic changes
during the first weeks of treatment in up to a half of patients, which is not associated with
a worse final clinical outcome [1,22,45].

Nonetheless, IM is not the most efficacious treatment for preventing the progression
of AK into SCC [44]. In a single-blind multicentre RCT in the Netherlands, the risk of
developing SCC in the following four years after different field cancerization-directed
treatments was assessed [44]. Immunocompetent patients older than 18 years of age
with Fitzpatrick’s phototypes I-IV and at least five AK lesions at the initial visit within
a treatment area of 25–100 cm2 were included [44]. A total of 156 patients were treated
with IM 5%, three times/week, for 4 weeks [44]. The risk of developing SCC was 5.8%
in patients treated with IM, which was higher than that in patients initially treated with
5-FU [44].
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On the other hand, since there is a wide array of field cancerization-directed treat-
ments with distinct and specific mechanisms of action, the combination of IM with other
therapeutic options (photodynamic therapy (PDT), 5-FU, tirbanibulin, diclofenac) may
display synergistic effects that could ultimately lead to improved clinical and histological
outcomes [39,52,53]:

• IM + PDT. According to the available literature data, there are only two prospective
trials where these two strategies were simultaneously or sequentially employed in the
management of AK [52,53].

o Sequential regimen. Pre-treatment with PDT may have several advantages: it
reduces the lesion count, possibly increasing the tolerability of IM; and gener-
ates a residual inflammatory response that may bolster IM-induced stimulation
of the immune system, thus increasing its efficacy [53]. Shaffelburg [53] per-
formed a double-blind, vehicle-controlled, split-face clinical trial of 25 patients
with at least 10 facial AK. They were first treated with PDT (20% 5-ALA, blue
light, two monthly sessions), followed, one month later, by the application of
IM 5% cream (two times/week, 16 weeks) only to a single half of the face [53].
The median AK lesion reduction at month 12 was higher in the sequential treat-
ment group (86.7% vs. 73.1%, p = 0.0023) [53]. The adverse reactions reported
were not severe [53].

o Simultaneous regimen. Tanaka et al. [52] conducted a single-centre clinical
trial where 18 patients with AK on the face, head and scalp where randomly
allocated to receive 5% IM cream (three times/week for one month), PDT (20%
5-ALA PDT, red light, 50 J/cm2, once/week for three weeks) or a simultaneous
combination of both treatments (5-ALA PDT, 50 J/cm2, every Monday for three
weeks + IM 5% cream, every Wednesday and Friday for one month) [52]. The
patients were clinically assessed one month after treatment discontinuation [52].
The clinical clearance rate was higher with IM+PDT (100% vs. 66.7% (IM) vs.
47.1% (PDT), p < 0.05) [52]. Adverse events were mild to moderate, and no
statistically significant differences were found between the three groups, either
in their incidence or in their severity [52].

• IM + 5-FU.
• To the best of our knowledge, the benefits of this specific combination in the manage-

ment of AK have only been assessed in one single-centre open-label study [39]. A
total of 64 patients with extensive AK on the face, scalp, upper limbs, or legs were
concomitantly treated with three courses of 5-FU 5% cream (once daily in the morning,
for seven days) and IM 5% cream (once daily in the night, for six days), with a hiatus
of three to four weeks between each cycle [39]. A total of 25% of participants withdrew
from the study, although the authors reported that only two patients (3.13%) aban-
doned the study because of side effects [39]. Interestingly, adverse reactions were rarer
and milder in the second and third cycles, which could be secondary to a reduction in
lesion count [39]. Treatment breaks were deemed essential to improve the tolerability
of the combination and secure a proper compliance [39]. The authors claimed this
technique was beneficial since the total duration of the regimen was still shorter than
those commonly used in monotherapies [39]. Nevertheless, the lack of clinical vari-
ables (objective lesion count), comparison groups and histological assessment clearly
affects the validity of their observations [39].

• Interestingly, Nahm et al. [54] recently published the results of a single-centre retrospec-
tive review of 327 patients with AK on the face or ears who employed a combination
of IM 5% cream, 5-FU 2% solution and tretinoin 0.1% cream [54]. The participants
applied the mix up to 30 times within a 76-day period at their discretion, at a maximum
frequency of five times/week for six weeks [54]. They were instructed to individualize
the frequency for mitigating excessive irritation [54]. One year after the discontinua-
tion of the treatment, the risk of in-field (OR = 0.06, 95% CI [0.02, 0.15]) and out-field
NMSC (OR = 0.25, 95% CI [0.14, 0.42]) was dramatically inferior to that in the year
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before field-treatment [54]. The participants required fewer sessions of cryotherapy
for managing AK (2.3 vs. 1.5, p < 0.001) [54]. Notwithstanding these excellent results,
there were several biases: a retrospective nature, limited post-treatment follow-up and
an undetermined AK count [54]. Future prospective studies and RCT are warranted
to confirm and better understand these findings.

• There are no RCT that evaluate the efficacy of combination treatments of IM with
tirbanibulin or diclofenac.

Moreover, the effectiveness and tolerability of the combination of IM with lesion-
directed treatments has also been studied, especially with cryotherapy [55]. In a multicentre
vehicle-controlled double-blind RCT, 247 patients with at least 10 typical facial AK were ran-
domly treated with IM 3.75% cream (once daily for two weeks on the treatment, two weeks
off the treatment, and once daily for two weeks on the treatment (two–two–two regimen))
or placebo [55]. At the first visit, a minimum of five AK were treated with cryosurgery
in every participant of both groups according to the investigator’s usual clinical prac-
tice [55]. There was a greater median percent reduction in lesion count at week 26 for
the cryosurgery/IM group (86.5% vs. 50%, p < 0.0001) [55]. However, a considerable
limitation of this study was the absence of a comparison between cryotherapy+IM and IM
in monotherapy [55].

4.2. Bowen’s Disease

BD is an intraepithelial dysplasia where the stratum basale is preserved, leading
to a “horizon” appearance under a microscope [14]. It clinically manifests as enlarging
erythematous, desquamative and often well-defined plaques [14].

The surgical treatment of BD is challenging due to its common location in difficult-to-
treat areas (i.e., shins), extension and multifocal nature [14]. Thus, IM could serve as an
adequate medical treatment [11]. Nevertheless, the scientific evidence is low and mainly
consists of case reports [1,2,5,11,14,31]. Different regimens have been used (once daily,
three times and five times per week for 3–20 weeks). The overall clearance rate ranges
between 57 and 80% [1,2,5,11,14,31]. Thickness lesion and hyperkeratosis are associated
with a poorer response [11].

4.3. Basal Cell Carcinoma

BCC is the most common human malignant neoplasm and the tumour with the highest
mutational burden [6,14]. In total, 4.3 million cases of BCC are annually diagnosed in the
U.S [6]. Its age-standardized incidence rate in Australia was set at 770 per 100,000 person
years [6]. BCC incidence increases annually by 2–10%, especially in young women [3,9,34].
Intermittent and high UV exposure during recreational activities (i.e., sunburns during
childhood and adolescence) is deemed to be the most important factor in the carcinogenesis
of BCC [8]. They are most commonly located in the head and neck (70%) of middle-
aged/elderly light-skin individuals [3,6,30]

Although its growth rate is usually slow, its clinical behaviour remains unpredictable [3,56].
If left untreated or inappropriately managed, BCC may cause considerable morbidity
through the local invasion and destruction of surrounding tissues [3,6]. Nevertheless, it
seldom metastasizes (0.0028–0.55%) [3,6,30].

Several histological subtypes have been described, with the most important being
the following: superficial (sBCC, 20%, the commonest subtype in Australia), nodular
(nBCC, 50–79%), infiltrative, morpheaform (5–10%), cystic, metatypical and basosqua-
mous [3,6,8,30,57]. The histological classification is a key factor in deciding which is the
most appropriate treatment for the patient since the cure and relapse rates differ between
variants [6]. Consequently, depending on the clinical and histological patterns, BCC can be
divided into two main risk categories (Table 2) [3].
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Table 2. Differences between high-risk and low-risk basal cell carcinoma [3,15].

Low Risk High Risk

Histological subtype − Superficial
− Macronodular

− Morpheaform
− Infiltrative
− Micronodular

Perineural/perivascular
infiltration No Yes

Size <5 cm >5 cm

Location Remaining
− Centrofacial
− Periocular
− Ears

Other Primary naïve tumour without
associated high-risk factors

− Relapsing
− Immunosuppression

As a non-surgical therapy, IM is reserved for the management of low-risk BCC where
the control of histological margins is less important [3]. The application of the product
should encompass a margin of 1–3 cm perilesional normal-appearing skin [24].

Most RCTs excluded sBCC and nBCC in immunosuppressed hosts, tumours with a
surface area larger than 2 cm2, BCC located in certain areas (anogenital region, hands, feet,
within 1 cm of the hairline, eyes, nose, mouth or ears) and previously treated cases [1,3,57].

sBCC:

• IM is the most efficacious FDA-approved treatment for sBCC and is the preferred
modality in low-risk areas [2,6]. sBCC is more responsive to IM than nBCC [1,5,6,14].
Only the 5% formulation is licensed [6].

• Different regimens have been employed: twice daily, once daily, and every other
day for 6–16 weeks [15,58]. IM presents a clear dose–frequency relationship in the
management of BCC [1,5,32,59]. Histological clearance at week 12 was complete if
the patients were treated twice daily [14]. When the frequency was reduced, the rate
progressively decreased to 82% (five times/week) and 52% (three times/week) [6,14].
A once-daily dosing, five days/week, for six weeks is the regimen approved by the
FDA since it achieves a good complete clearance rate (81–90%) with an adequate safety
profile [1,6,14,60].

• Overall clinical and histological clearance rates at 3–12 months range from 60% to 80%
in well-defined RCTs [15]. The cure rates with varying treatment regimens, from twice
daily to twice weekly, and with follow-ups between 12 weeks and 5 years range from
43% to 94% [12].

nBCC:

• IM is used off-label in the management of nBCC [6]. The preferred regimen (five times/
week for 12 weeks) shows a clearance rate of 50–65% [2,3,12,32]. Therefore, the overall
efficacy of IM in nBCC is poor, with at least a third of the patients presenting residual
disease after treatment discontinuation [11,61].

• Given these results, it has been hypothesized that pre-treatment with cryotherapy
could enhance tumour immunogenicity and even provide a clinical benefit in BCC re-
fractory to IM in monotherapy [62]. Messeguer et al. [62] selected 23 BCC (sBCC = 11,
nBCC = 12), 1 to 2 cm in size, resistant to IM 5% cream in monotherapy, adminis-
tered five times/week for six weeks [62]. Cryotherapy was applied one month after
the completion of the initial therapy [62]. Beginning the same day, the participants
applied a second cycle of IM 5% cream with the same dosing regimen [62]. The com-
plete clearance rate at one month was 83%, which was still lower in nBCC (67% vs.
91%) [62]. Only one relapse was detected in the follow-up period (at least one year) [62].
Four tumours still required an additional cycle of cryoimmunotherapy [62]. However,
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these results have several limitations: the study was open-label and lacked a control
group, the follow-up period was limited, and a complete cure was not confirmed via
biopsy [62].

• Additionally, IM can be employed as an adjunctive therapy to Mohs’ surgery, elec-
trodessication and curettage [8,14,63]. For instance, in an open-label uncontrolled
single-site study, 14 patients with high-risk BCC (>2 cm) unfit for surgery, chemother-
apy and radiotherapy were sequentially treated with initial vaporization with aCO2
laser in ablative mode (initial parameters: 600 μs pulse duration, 45 mJ energy, re-
peat time 10 ms, stack level 2), followed by cycle therapies of diclofenac sodium 3%
gel (once daily for five days) plus IM 5% cream (once daily for two days), up to a
maximum of 24 weeks [64]. Nine patients relapsed during the treatment period [64].
Despite these interesting approaches, surgical excision remains the gold-standard treat-
ment [15]. For instance, Sinx et al. [65] directed a multicentre noninferiority clinical
trial where 145 immunocompetent patients with histologically proven primary nBCC
of 4 to 20 mm, with or without a superficial component, were randomly assigned to
be treated with surgical excision with a 3 mm safety margin, or curettage followed
by treatment with 5% IM (five times per week, six weeks) [65]. The patients under-
went clinical and dermoscopic assessment one year after the discontinuation of the
treatment [65]. If treatment failure was suspected, a punch biopsy was carried out to
confirm tumoral relapse [65]. One year after treatment, the relapse rate was superior
in the group of curettage+IM (13.7% vs. 0%, p = 0.0004) [65]. Nonetheless, it should be
highlighted that approximately a quarter of the patients (23.7%) treated with curet-
tage+IM did not fully comply with the regimen [65]. No differences were detected as
regards severe pain (13.5% vs. 27%, p = 0.208) [65]. However, the investigator-reported
cosmetic outcome was superior [65].

4.4. Lentigo Maligna

Lentigo maligna is an in situ phase of melanoma which arises in chronically sun-
damaged skin areas [14]. Since malignant cells are restricted to the epidermis, its metasta-
sizing potential is limited [6,66]. It accounts for approximately 80% of all melanoma in situ
(MIS) [66].

Its incidence is higher in elderly individuals, and it is most frequently located on the
face [66]. A total of 53,120 new cases of MIS were reported in 2009 [66].

Although surgical excision is still considered the gold-standard treatment, its com-
monly large size at diagnosis and the patients’ comorbidities make non-invasive treatment
modalities good alternatives for the management of this condition [66]. Since melanoma
is one of the most immunogenic malignancies, IM could theoretically serve as an appro-
priate antineoplastic treatment [67]. IM is in fact reserved as a third-line treatment for
cases in which surgical excision or radiotherapy are not feasible, such as in elderly and/or
fragile patients [6,14,17,66]. The clearance rates reported with IM have ranged from 66%
to 100% [66]. The guidelines do not specify the optimal dosing, schedule or length of
treatment [6,11,66]. However, reviews that assessed the outcomes of non-surgical therapies
for LM recommended at least 60 applications, six to seven times/week [68,69]. Large con-
trolled RCTs with long follow-up periods are nevertheless needed to define the best dosing
regimen [6]. On the other hand, as the effects of IM are non-ablative, a hypothetical risk of
local recurrence and progression to invasive melanoma exists [14]. These doubts are mainly
raised by the difficulty in objectively assessing histological clearance after treatment [66].

Additionally, IM can be used as an adjuvant treatment to other therapeutic approaches,
such as surgery or radiotherapy [6,11,35]. In this sense, Cho et al. [35] studied the synergistic
effect of IM in radiotherapy-treated murine melanoma cell lines B16F1 and B16F10. After
incubation for 24 h, an increase in autophagy-associated proteins was detected [35].
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4.5. Melanoma Skin Metastases

The management of metastatic melanoma is extremely complex [1]. Patients com-
monly require the combination of different treatments to better control the burden of the
disease [14]. It has not been demonstrated whether the treatment of melanoma cutaneous
and subcutaneous metastases has an impact on overall survival [1].

Although it can eradicate accessible dermal metastases, IM does not treat subcutaneous
metastases and does not prevent lymphatic and systemic metastatic spreading [5,14,36].
Good clearance rates have been reported in refractory cases where IM was combined
with isolated limb perfusion, intralesional IL-2, Bacillus Calmette–Guérin (BCG) vaccine,
5-fluorouracil or curettage [6,14,70–74].

RCTs are needed to better define the efficacy, dosing, schedule, and length of the
treatment. The dosing schedule varies as follows: twice daily, once daily, five days/week
(the most frequent) and once daily three times/week, for 8–72 weeks [6,14,70–74]. A
complete clinical and histological regression was observed in approximately 82.3% of
patients [36]. Clinical benefits may be detected after only 2 months of therapy [36].

4.6. Breast Cancer Skin Metastases

Breast cancer is the second most common malignancy to metastasize to the skin after
melanoma [25]. BSM management is often challenging [25]. Although surgical resection
and radiotherapy are the preferred treatments, BSM tend to relapse, leading to chest wall
ulceration, pain and bleeding, which causes a great impact on the patient’s physical and
emotional well-being [25,75].

The scientific evidence regarding the use of IM in this condition relies solely on single
case reports [75]. For instance, Henriques et al. [75] successfully treated a 26-year-old
woman with a triple-negative invasive ductal carcinoma with skin metastases in her left
lower neck and left supraclavicular region and upper back [75]. They were refractory
to systemic chemotherapy, trastuzumab, lapatinib and locoregional radiotherapy [75]. A
regimen of IM 5% three times/week for four months was prescribed. The lesions partially
regressed and the pain intensity was decreased [75].

4.7. Extramammary Paget’s Disease (EMPD)

EMPD is a rare skin malignancy that frequently arises in apocrine gland-rich anatom-
ical regions, such as the anogenital area [5,76]. Its clinical course is often unpredictable,
ranging from an indolent entity to an invasive neoplasm with locoregional and systemic
dissemination [5]. The incidence is higher in patients aged 60 to 80 years [76]. It often
presents as a genital plaque [76]. A better prognosis is expected if neoplastic cells are
restricted to the epidermis [76]. Dermally invasive EMPD is associated with a risk of
locoregional and systemic dissemination [76].

Due to its multifocal nature, aggressive surgical interventions have a high local recur-
rence risk [5]. For this reason, non-aggressive topical treatments such as IM are preferred,
especially during the initial stages [5].

Data regarding the efficacy of IM are mostly based on case reports and series [5,76].
Sawada et al. [77] conducted a single-site nonrandomized prospective study where nine
patients with in situ EMPD were enrolled. IM 5% cream was used three times per week
for 6–16 weeks [77]. The product was applied in the lesions with a 1–2 cm circumferential
margin [77]. The participants were assessed one month after the discontinuation of the
treatment [77]. A complete clearance (clinical and histological) was achieved in five patients
(56%) [77]. Nevertheless, the recurrence rate was high since three patients relapsed in the
follow-up period (up to 46 months) [77]. No patient abandoned the study due to side
effects [77]. Additionally, Cowan et al. [78] performed a nonrandomized prospective pilot
trial study in eight patients with recurrent primary EMPD of the vulva. All of them had
previously undergone partial or total vulvectomy [78]. IM 5% cream was used three times
per week for 12 weeks. A complete clinical and histological response was observed in six
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patients (75%) by the follow-up appointment [78]. No participants progressed to invasive
cancer while receiving active therapy [78]. Overall, the treatment was well-tolerated [78].

In conclusion, different treatment modalities have been used (daily to three times/week
for 6–16 weeks) [5,76–78]. A regimen of 3–4 times/week for 6 months is the most recom-
mended option [5,76–78].

4.8. Mycosis Fungoides

Primary cutaneous lymphomas (PCL) comprise a wide range of rare non-Hodgkin ma-
lignant monoclonal proliferations arising from skin-resident lymphocytes [79]. Cutaneous
T-cell lymphomas represent the largest group of PCL (75%) [5], with mycosis fungoides
(MF) being the most common form [5,79]. This disease is generally associated with an
indolent clinical course [41].

IM could serve as a promising skin-directed drug for the management of cutaneous
T-cell lymphomas at initial stages or even of plaques refractory to conventional treatments,
such as psoralen+UVA or retinoids [5,80]. To the best of our knowledge, there are only
two prospective studies that have evaluated the efficacy and safety of IM 5% cream in
MF [41,81].

Deeths et al. [81] assessed the effectiveness of IM in six patients diagnosed with stable
MF (stages IA-IIB). IM 5% cream was applied to a maximum of five lesions, three times per
week for three months [81]. Three participants concomitantly received systemic therapy
(photochemotherapy (n = 2) and systemic retinoids (n = 1)) [81]. All patients except one
experienced some degree of clinical improvement [81]. The lesions were completely cleared
in three participants, which was confirmed in the follow-up biopsy one month after the
discontinuation of the treatment [81].

In a double-blind placebo-controlled RCT conducted by Chong et al. [41], four male
patients with stage IB MF (T2N0M0) were treated with IM 5% cream once daily for
16 weeks [41]. The target area measured approximately 20 cm2. Simultaneously, a distant
control area was chosen [41]. At week 32, the lesions treated with IM showed a mean
decrease in surface area of 8.9% (vs. 39.9%) [41]. The treatment was well-tolerated [41].

Subsequently, several case reports have been published that indicated a possible benefit
of IM in the management of MF [80]. Most patients had limited skin involvement, with
solitary patches or plaques not ideally suited for systemic treatments [41,80,82,83]. Different
regimens were employed: once daily, every other day, and five times weekly [41,80,82,83].
The treatment’s duration ranged from two weeks to six months [41,80,82,83]. The follow-up
periods ranged from six to ten months [41,80,82,83]. However, future RCT with larger
samples and longer follow-up periods are warranted to confirm these findings.

5. Adverse Reactions

IM has an overall good safety profile [5]. Most adverse reactions are mild to moderate,
are easily manageable and do not require the discontinuation of the treatment, which only
occurs in 2–3% of the cases [1,8]. Up to a third of patients might need pharmacological
therapy to mitigate the side effects [45].

Nearly every single patient develops a local reaction consisting of a variable degree of
erythema, and scaling in the treatment area [1]. In severe cases, they can be accompanied by
erosions, ulceration, crusting and pain [1]. Irritation may even extend to the surrounding
areas [11]. Interestingly, these inflammatory side effects occur only in previously damaged
or pathological cutaneous tissue [1]. When IM is applied to healthy skin, it has been found
to be no more irritating than a moisturizing lotion [1].

Since these adverse reactions are dose- and time-dependent, balancing its efficacy and
tolerance is critical for assuring an adequate compliance on the patient’s part [15,20]. If
significant inflammation develops, the frequency of application can be reduced, which is
needed in approximately 16% of the cases [11].

It is controversial whether the severity of the side effects is associated with a better
clinical and histological response [15,34]. Several risk factors for intense local reactions
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have been described, such as low Fitzpatrick’s phototypes (I-II), severe actinic damage and
being of the female sex [1].

Apart from the classical side effects, other rarer complications have been identified [1,5,14],
as follows:

• Scarring and hypopigmentation have been reported in isolated cases, especially in
high-frequency regimens [5]. Nevertheless, the evidence on this topic is contradictory
since patients treated with IM in AK studies showed an improvement in scarring and
pigmentary scores after the treatment [1].

• Cytokine-release syndrome has seldom been noted and has been attributed to a larger
synthesis and systemic release of IFN and other inflammatory mediators [1]. Its
severity correlates with the size of the treated area and the degree of the local reaction
induced [1].

• Contact sensitization and the exacerbation of pre-existing eczematous conditions [14].
• Hypertrophic lupus erythematosus-like reaction [21], which might be caused by the

activation of plasmacytoid dendritic cells through TLR binding [21].
• Other autoimmune disorders, such as pemphigus foliaceus, psoriasis, autoimmune

spondyloarthropathy and vitiligo [11,14].
• Angioedema [11,14].
• Erythema multiforme [11,14].
• Eruptive epidermoid cysts [11,14].
• Schönlein–Henoch purpura [11,14].
• Chronic neuropathic pain [11,14].

After its approval, there was a safety concern regarding the use of IM in transplanted
hosts [84]. Due to an increase in IFN levels, it was hypothesized that the exposure to IM
could lead to an increased risk of allograft rejection [84]. In double-blind, single-centre
placebo RCT, 21 immunosuppressed renal transplant recipients were treated with IM
5% three times/week for 16 weeks for AK and viral warts [84]. None of the patients
treated with IM had a deleterious effect on their renal allograft in the 1-year follow-up [84].
Nevertheless, a reduced efficacy was observed when compared to that of studies concerning
immunocompetent hosts [84]. Higher-frequency regimens and combinations with other
therapies should be taken into consideration in the clinical setting.

6. Conclusions

IM is a topically self-applied IRM that strongly activates the innate immune system
and fosters a tumour-targeted T-cell response. Its mechanism of action is nonetheless
pleiotropic since it displays direct antineoplastic effects through the stimulation of apoptosis,
autophagy and mitochondrial disfunction. IM could represent a solid alternative to surgical
resection in certain cases of skin cancer. Due to its non-aggressive nature, it preserves the
cosmesis and functionality of critical areas better. Its side effects are often mild, predictable,
and easily manageable. Although several case series and observational studies underline
its efficacy in off-label indications, such as LM or nBCC, more RCTs are needed to confirm
these findings and better define the optimal regimens.
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Abbreviations
5-FU 5-fluorouracil
AK actinic keratosis
APC antigen-presenting cells
BCC basal cell carcinoma
BCG Bacillus Calmette–Guérin
BD Bowen’s disease
BSM breast skin metastases
bFGF basic fibroblast growth factor
CTB cathepsin B
CTD cathepsin D
EMPD extramammary Paget’s disease
DC dendritic cells
FDA Food and Drug Administration
FLICE Fas-associated death domain-like IL-1β-converting enzyme inhibitory protein
G-CSF granulocyte colony stimulating factor
GM-CSF granulocyte and monocyte stimulating factor
HPV human papillomavirus
IM imiquimod
IRM immune response modifiers
LC Langerhans cells
LM lentigo maligna
MF mycosis fungoides
MHC major histocompatibility complex
MIP macrophage inflammatory proteins
MIS melanoma in situ
MMP-9 matrix metalloproteinase-9
NK cells natural killer cells
NMSC nonmelanoma skin cancer
NOS nitric oxide synthase
nBCC nodular basal cell carcinoma
pDC plasmacytoid dendritic cells
PCL primary cutaneous lymphoma
PDT photodynamic therapy
PTCH protein patched homolog
RCT randomized clinical trial
sBCC superficial basal cell carcinoma
PAMP pathogen-associated molecular pattern
PCL primary cutaneous lymphoma
SCC squamous cell carcinoma
TAAs tumour-associated antigens
TIMP tissue inhibitor of matrix metalloproteinase
TLR Toll-like receptor
TRAIL TNF-related apoptosis-inducing ligand
TSP-1 thrombospondin-1
UV ultraviolet
VEGF vascular endothelial growth factor
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Abstract: Psoriasis is a chronic inflammatory disease with an established genetic background. The
HLA-Cw*06 allele and different polymorphisms in genes involved in inflammatory responses and
keratinocyte proliferation have been associated with the development of the disease. Despite the
effectiveness and safety of psoriasis treatment, a significant percentage of patients still do not achieve
adequate disease control. Pharmacogenetic and pharmacogenomic studies on how genetic variations
affect drug efficacy and toxicity could provide important clues in this respect. This comprehensive
review assessed the available evidence for the role that those different genetic variations may play in
the response to psoriasis treatment. One hundred fourteen articles were included in this qualitative
synthesis. VDR gene polymorphisms may influence the response to topical vitamin D analogs
and phototherapy. Variations affecting the ABC transporter seem to play a role in methotrexate
and cyclosporine outcomes. Several single-nucleotide polymorphisms affecting different genes are
involved with anti-TNF-α response modulation (TNF-α, TNFRSF1A, TNFRSF1B, TNFAIP3, FCGR2A,
FCGR3A, IL-17F, IL-17R, and IL-23R, among others) with conflicting results. HLA-Cw*06 has been
the most extensively studied allele, although it has only been robustly related to the response to
ustekinumab. However, further research is needed to firmly establish the usefulness of these genetic
biomarkers in clinical practice.

Keywords: psoriasis; pharmacogenetics; pharmacogenomics; therapeutics; polymorphisms; toxicity

1. Introduction

Psoriasis is an immune-mediated inflammatory disease that is highly prevalent world-
wide, affecting approximately 2–3% of the world population [1,2]. According to the latest
Global Burden of Disease study, there were 4.622.594 incident cases of psoriasis worldwide
in 2019, with higher-income countries and territories having the highest incidence rate per
100,000 people (112.6, 95% uncertainty interval 108.9–116.1) [3]. Different clinical forms
have been defined according to the type of lesions observed. The most common form is
psoriasis vulgaris, which accounts for approximately 90% of the disease cases. Guttate,
inverse, pustular, and erythrodermic psoriasis constitute other phenotypes of psoriasis [1].
Although it has been classically considered a skin disease, it is frequently associated with
extracutaneous manifestations, such as psoriatic arthritis, mood disorders, inflammatory
bowel disease, asthma, chronic obstructive pulmonary disease, cancer, metabolic syndrome,
non-alcoholic fatty liver, cardiovascular disease, among others, reflecting the systemic
nature of psoriasis [4–6]. Indeed, in addition to severely affecting the quality of life of the
patient [7], psoriasis is associated with an increase in all-cause mortality [8,9].

Its etiopathogenesis remains unclear. It is probable that genetic, immunological, and
environmental factors may play important roles in its development [10]. In this regard,
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different genetic variants have been associated with an increased risk of suffering from
psoriasis. As with other autoimmune disorders, psoriasis manifests strong associations
with human leucocyte antigen (HLA) molecules, which are involved in antigen presentation
and help to identify exogenous proteins. Particularly, individuals carrying the HLA-Cw*06
allele (also known as HLA-C*06:02) have a 10–20-fold increased risk of psoriasis [11]. Other
genes encoding cytokines such as TNF-α, IL-17, IL-23, or their receptors [12], as well as
genes involved in keratinocyte proliferation, extracellular matrix remodeling, and angio-
genesis [13,14] have been shown to increase the risk of its development. Disarrangements
of both the innate and adaptative cutaneous immune system are the main drivers of the in-
flammatory cycle found in psoriatic lesions. Although not fully understood, the activation
of keratinocytes, macrophages, neutrophils, and especially, plasmocytoid dendritic cells,
leads to the secretion of different cytokines, including alpha and beta interferons (IFN-α and
IFN-β), interleukin-1 beta (IL-1β), and tumor necrosis factor-α (TNF-α). In this cytokine
milieu, myeloid dendritic cells are secondarily activated via Toll-like receptors (TLRs) and
produce IL-12 and IL-23, which induce the proliferation of helper T lymphocytes (Th) and
their differentiation toward a Th1 and Th17 profile. TNF-α and both Th17 (IL-17 and IL-22)
and Th1 (IFN-γ) cytokines activate keratinocytes proliferation and angiogenesis, two key
features in psoriasis pathogenesis. IL-17 also mediates the recruitment of neutrophils and
its activation, degranulation, and neutrophil extracellular traps (NETs) formation, which
contributes to the initial and maintenance phases of psoriasis [15,16].

Determining disease severity in medical practice requires a thorough evaluation of
clinical and patient-reported factors. The Psoriasis Area and Severity Index (PASI) and
body surface area (BSA) are frequently used metrics that provide objective assessments
of disease severity. The absolute PASI and the percentage of improvement from baseline
(e.g., PASI90 for a 90% reduction) are also used to evaluate the effectiveness of treatment.
In addition to PASI and BSA, clinicians must consider other factors such as the impact on
quality of life, clinical presentation, lesion location, and concurrent psoriatic arthritis to
determine overall disease severity [17].

Moderate-to-severe psoriasis is defined by a PASI > 10, a BSA > 10, and/or a Derma-
tology Life Quality Index (DLQI) >10 [17]. Phototherapies or systemic treatments, such as
conventional systemic drugs (methotrexate, acitretin, or cyclosporine) or small molecules
(apremilast), are usually the first-line treatments for these patients, with biologics drugs
used in cases of no response or contraindications. Biologics are the most effective treatments
currently available [18], targeting the main disease effectors. They are classified accord-
ing to their target in anti-TNF (infliximab, etanercept, adalimumab, and certolizumab),
anti-IL12/23 (ustekinumab), anti-IL17 (secukinumab, ixekizumab, and bimekizumab), anti-
IL17R (brodalumab), and anti-IL23 drugs (guselkumab, tildrakizumab, and risankizumab).
Despite its high effectiveness, not all patients achieve an acceptable response or sustain it
in the long term [19]. Different genetic backgrounds, among others, have been involved in
this heterogeneity of response [20].

Pharmacogenetic methods analyze the associations between patient responses to cer-
tain drugs and variants located in a selection of candidate genes. Most of these variants are
single nucleotide polymorphisms (SNPs), which constitute substitutions of one nucleotide
that occur in at least 1% of the population. Other variants far less frequently addressed
are copy number variations (CNVs), which represent a decrease (deletion) or increase
(insertions or duplications) in the number of copies of a DNA region. Pharmacogenomics
is the field of genetics concerned with the identification of all human genes and the RNA
and proteins encoded by them. In this regard, genome-wide association studies (GWASs)
allow for an unbiased approach to examining the impact of genetic variants on the drug
response by simultaneously testing hundreds of thousands of common polymorphic sites
across many genomes [21].

This review aims to update the state of the art of psoriasis studies focusing on the
influence of genetic variants on drug effectiveness. The identification of genetic markers of
clinical response may aid patient selection for better cost-effective decisions.
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2. Literature Search

PubMed and Embase searches were conducted using the terms: (psoriasis OR psoriatic
OR psoriasis arthritis OR psoriasiform) AND (treatment OR acitretin OR cyclosporine OR
methotrexate OR phototherapy OR biological therapy OR anti-tumor necrosis factor OR in-
fliximab OR adalimumab OR etanercept OR certolizumab OR ustekinumab OR guselkumab
OR risankizumab OR tildrakizumab OR secukinumab OR ixekizumab OR brodalumab
OR bimekizumab) AND (polymorphism OR pharmacogenetic OR pharmacoepigenetic OR
pharmacogenomic) AND (response OR loss of effect OR toxicity) on 17 February 2022.

Firstly, the titles and abstracts of the articles obtained in the first search were reviewed
to assess relevant studies. The search was limited to (1) studies written in English or
Spanish; (2) studies addressing the influence of genetic factors on the response to drugs
used in psoriasis, including topical, phototherapy, conventional, and biologic therapies;
and (3) any type of epidemiological study (meta-analysis, clinical trials, cohort studies,
case-control, and cross-sectional studies). Systematic and narrative reviews, guidelines,
protocols, conference abstracts, and case reports were excluded. Secondly, the full text of
articles that met the inclusion criteria was reviewed. Previous systematic and narrative
reviews were reviewed to ensure the accuracy of our search and to manually check their
reference lists [16,20–23].

Figure 1 shows the literature search process.

Figure 1. Flow chart showing the study selection process used in this narrative review.

3. Therapeutic Options

3.1. Topical Therapies

Topical therapy remains a cornerstone in the management of psoriasis. It is considered
the first treatment option for milder forms of psoriasis, as well as serving as adjunctive
therapy in patients undergoing systemic or biologic treatment. The effect on psoriasis is
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based on its anti-inflammatory and anti-proliferative capacity. Corticosteroids, vitamin D
analogs (calcipotriol and tacalcitol), and calcineurin inhibitors are the most commonly used
treatments. Most studies to date have focused on vitamin D analogs.

The rs1544410 (BsmI) polymorphism in the vitamin D receptor (VDR) gene did not
influence the response to calcipotriol in 92 English patients with psoriasis [24]. However,
the same polymorphism (Bb heterozygotic phenotype) predicted a significantly better
response to topical tacalcitol in a later Italian study (n = 25) [25]. Saeki et al. found that
the frequency of the F allele in the rs2228570-VDR gene polymorphism was lower in non-
responders to tacalcitol compared to controls (47 vs. 64%, p < 0.05, Japan) [26]. Halshall et al.
investigated other VDR gene SNPs, such as A-1012G, rs2228570 (FokI), and rs731236 (TaqI),
and found that the A allele of the A-1012G variant and the rs731236-T allele were associated
with a better response to calcipotriol (UK, n = 205) [27]. Conversely, the rs731236-T allele
was associated with partial resistance to calcipotriol in a later Turkish study [28]. Another
study on a Turkish population found that rs1544410 (BsmI) and rs7975232 (ApaI) showed
no significant associations with response to calcipotriol, but patients with the rs2228570-Ff
genotype had worse outcomes, while the rs2228570-ff and rs731236-TT genotypes were
associated with a better response [29].

Nonetheless, there are discrepancies in these findings. Zhao et al., in 2015 (n = 324,
China), found no effect of the SNPs mentioned above on calcipotriol response. Instead,
the study found a significant association between a loss of response to this drug and the
rs2228570-FF and rs11568820-AA genotypes. In addition, when analyzing the response
to calcipotriol in combination with acitretin using the same SNPs, the rs11568820-AA
genotype showed an increased response to the drug combination compared to the other
SNPs [30].

To sum up, these studies suggest that VDR gene SNPs may be associated with the
response to treatment with calcipotriol or other vitamin D analogs in psoriasis patients,
although the studies are highly heterogeneous and showed scarce reproducibility. Further
research is needed to clarify the role of these SNPs in clinical practice.

3.2. Phototherapy

Phototherapy, including narrowband ultraviolet B (NB-UVB) and psoralen ultraviolet
A (PUVA), among others, is a treatment modality that is well-established in psoriasis
treatment. Phototherapeutic regimens use repeated controlled ultraviolet exposures to alter
cutaneous biology, aiming to induce remission of skin diseases [31].

There have been several studies searching for an association between genetic poly-
morphisms and the response to phototherapy in many different genes and populations:
PPARγ2 [32], IL-12B, IL-17A, IL-23R, IL-23A [33], HLA-C [34], IL-17F [35], IL-6 [36], and
MC1R [37], but all of them showed no effect on response.

The only associations found were on the VDR gene. Lesiak et al. analyzed 50 Polish
patients treated with NB-UVB for 20 days and found that those carrying the TaaI/Cdx-
2 (rs11568820) AA variant showed a worse response measured using the PASI. Other
polymorphisms were analyzed, but no other associations were found [38]. In the study
conducted by Ryan et al. (n = 93, Ireland), patients homozygous for the C allele in the TaqI
(rs731236) VDR gene polymorphism, which is associated with decreased VDR activity, had
a shorter remission duration after NB-UVB [39].

3.3. Conventional Systemic Drugs
3.3.1. Methotrexate

Methotrexate is a competitive inhibitor of dihydrofolate reductase, thus decreasing
folate cofactors required for the synthesis of nucleic acids. Low-dose methotrexate (<25 mg
per week) decreases the proliferation of lymphoid cells, which is considered to be the
mechanism by which methotrexate improves psoriasis and psoriatic arthritis [40]. One of
the first pharmacogenetic studies to determine the response to methotrexate in patients
with psoriasis was conducted by Campalani et al. (UK, n = 203), which showed how
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at least one triplet (3R) in the 5′UTR of TYMS was significantly associated with both
a poorer response to methotrexate and increased hepatotoxicity [41]. TYMS encodes
thymidylate synthase, which is involved in pyrimidine synthesis and DNA synthesis/repair.
Another study by the same research group (n = 374) showed how three variants of the
ABCC1 transporter predicted a better response (PASI75) to this drug: rs35592, rs2238476,
and rs28364006, as well as two ABCG2 SNPs: rs13120400 and rs17731538 [42]. These
genes encode ATP-binding cassette (ABC) transporters, which have been involved in
multidrug resistance [43]. A study on a South Indian Tamil population found that the
HLA-Cw*06-positive allele and rs3761548 of the FOXP3 gene were independent genetic
predictors for the clinical response to methotrexate [44]. Other studies have validated the
association between the HLA-Cw*06-positive allele and a greater response to this drug in
English [45] and Chinese populations [46]. In this last study, a synergistic effect between
the HLA-Cw*06-positive allele and the ABCB1 rs1045742 SNP was also demonstrated [46].
Conversely, Chen et al. observed a worse response to methotrexate in psoriasis patients
with the rs1045642 variant [47].

Carriers of the rs1801133-TT genotype of the MTHFR gene showed a better response
rate (PASI75 and PASI90) to this drug at week 12 than carriers of the CT/CC genotypes
and also a higher risk of ALT elevation. MTHFR encodes the methylenetetrahydrofolate
reductase (MTHFR) enzyme, which is indirectly inhibited by methotrexate [48]. However,
this association has not been replicated in other studies [41,42,49].

B7-H4 is located in genomic regions associated with susceptibility to type 1 diabetes.
In a single-center, cross-sectional study including 265 Chinese psoriatic patients, carriers
of the rs12025144-GG genotype had a higher prevalence of DM and worse response to
methotrexate in the subgroup of diabetic patients [50]. Regarding annexin A6 (ANxA6), a
susceptibility factor for psoriasis, the rs11960458-TT/CT genotype was significantly more
likely to be unresponsive to MTX in both short (12 weeks) and long-term (1 year) treat-
ment, whereas the rs960709 and rs13168551 polymorphisms were only associated with
short-term efficacy [51]. Other polymorphisms have been associated with better (IL-17F
rs2397084-T allele [52]; TNIP1 rs10036748-TT genotype [53]) or worse responses (GNMT
rs10948059-TT genotype; DNMT3b rs2424913-CT/TT genotype [49]) to methotrexate, al-
though studies with larger sample sizes and on different populations will be needed to
consolidate these data.

Lastly, there are studies that have used a pharmacogenomics approach to address
this issue. A study that used a whole exon high-throughput sequencing technology to
detect the DNA sequence of 22 Chinese patients with psoriasis identified 3 SNPs associated
with methotrexate response: the T rs216195 variant of SMG6 and C rs2285421 of UPK1A
were associated with better outcomes, while the IMMT rs1050301 variant A was associated
with a lower PASI75 achievement at week 12 [54]. A GWAS conducted by Zhang et al.
on a Chinese cohort of patients with psoriasis (n = 333) revealed that the rs4713429 SNP,
which has a significant impact on HLA-C expression, was significantly associated with
methotrexate response [55].

3.3.2. Cyclosporine

Cyclosporine is a cyclic undecapeptide with a potent inhibitory action on T lympho-
cytes. It remains one of the most effective and rapidly acting treatments currently available
for psoriasis. Virtually all the diverse manifestations of this disease can respond. The main
side effects are nephrotoxicity and hypertension, which limit its usefulness as a long-term
maintenance therapy [40].

Not many gene polymorphisms have been studied regarding cyclosporine response.
The most studied gene is the ABCB1. Vasilopoulos et al. identified that the T allele on the
C3435T polymorphism (rs1045642) was associated with a worse response to cyclosporine in
a cohort of 84 Greek patients with psoriasis [56]. Chernov et al. came to the same conclusion
regarding the same polymorphism, but they also found that the ABCB1 C1236T (rs1128503)
and G2677T/A (rs2032582) SNPs were significantly associated with a negative response
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to the cyclosporine therapy in the codominant, dominant, and recessive models (n = 168,
Russia) [57].

Additionally, Antonatos et al. genotyped 27 SNPs mapped to 22 key protein nodes of
the cyclosporine pathway in 200 Greek patients. Single-SNP analyses showed statistically
significant associations between the rs12885713-T allele of CALM1 (p = 0.0108) and the
rs2874116-G allele of MALT1 (p = 0.0006) genes with a positive response to cyclosporine
after correction for multiple comparisons [58].

3.3.3. Acitretin

Acitretin’s mechanism of action is not fully understood. It modulates keratinocyte
proliferation and differentiation and also has anti-inflammatory and immunomodulatory
effects. There is extensive experience in its use. Its main concern is teratogenicity, which
severely limits its use in women of childbearing age [40].

One of the first genes studied in relation to acitretin response was the VEGFA gene.
Its product, vascular endothelial growth factor (VEGF), induces angiogenesis in different
settings, including psoriasis [59]. Young et al. analyzed the -460 SNP (rs833061), which
is the most common SNP in the promoter region of the VEGFA gene (n = 106, United
Kingdom). The -460 TT genotype was associated with non-response to oral acitretin,
whereas the -460 TC genotype was associated with clearance/significant response to
treatment [60]. However, this same polymorphism was subsequently studied by Chen et al.
in 131 Chinese patients with psoriasis, who found no influence on acitretin response;
they also found no association between different variants of the EGF gene and treatment
effectiveness [61]. Finally, Bozduman et al. analyzed different VEFGA polymorphisms
in 100 Turkish patients on acitretin. They found no significant associations except for the
+405 G > C SNP (rs2010963), in which a subgroup of four patients with the GG genotype
showed a better response [62].

In a study involving 105 Chinese patients treated with a combination of acitretin
and topical calcipotriol, patients carrying the rs4149056-T allele in SLCO1B1 and/or the
rs2282143-C allele in SLC22A1 showed a worse response based on PASI50 attainment at
week 8 [63].

The relationship between mutations in certain interleukin genes and the response to ac-
itretin has also been studied. Lin et al. conducted a study that included an acitretin-treated
subgroup of 24 Chinese patients with the TG genotype in the rs3212227 SNP of the IL12B
gene; these patients had a significantly better response (PASI50) to acitretin than patients
with the GG genotype. Additionally, 19 secondary non-responders to anti-TNF-alpha
treated with acitretin were included. In this setting, the presence of the rs112009032-AA
genotype in the IL23R gene predicted a higher PASI75 achievement [64].

Borghi et al. studied the effect of a 14-base pair (bp) sequence insertion/deletion
(INS/DEL) polymorphism in the HLA-G gene in psoriasis patients from Italy treated with
acitretin (n = 21), cyclosporine, and anti-TNF-alfa. The investigators found a significantly
higher frequency of the HLA-G DEL allele among the responders (PASI75 at week 16) in
the acitretin group [65]. Zhou et al. also evaluated the influence of HLA gene variants
on acitretin response (n = 100, China). After 8 weeks of treatment, the HLA-DQA1*0201
and HLA-DQB1*0202 alleles were independently associated with a better response to the
drug [66]. The same research group conducted a study in which whole exome sequencing
was performed on 116 Chinese patients. The CRB2 rs1105223 CC (OR = 4.10, p = 0.007)
and ANKLE1 rs11086065 AG/GG (OR = 2.76, p = 0.003) genotypes were associated with no
response to acitretin after 8-week treatment. Conversely, the ARHGEF3 rs3821414 CT/CC
(OR = 0.25, p = 0.006) and SFRP4 rs1802073 GG/GT (OR =2.40, p = 0.011) genotypes were
associated with a higher response rate [67].

Finally, other studies have evaluated the association between acitretin and SNPs on
ApoE [68] and IL36RN [69] genes, but these did not show any effects on the response.

182



Int. J. Mol. Sci. 2023, 24, 9850

3.4. Small Molecules
Apremilast

Apremilast inhibits phosphodiesterase-4, which increases intracellular levels of cyclic
adenosine monophosphate and subsequently downregulates inflammatory responses in-
volving the Th1 and Th17 pathways [22,70]. To our knowledge, only the study by Verbenko
et al. assessed the influence of a subset of 78 pre-selected SNPs strongly associated with
psoriasis or psoriatic arthritis in apremilast effectiveness. Thirty-four Russian patients
were included. Patients carrying the minor alleles rs1143633 (IL-1β), rs20541(IL-4/IL-13),
rs2201841(IL-23R) and rs1800629(TNF-α) showed a higher PASI75 achievement [71].

3.5. Biologics
3.5.1. Anti-TNF-α Drugs

TNF-α inhibitors were the first biologic drugs available for psoriasis treatment. Etan-
ercept acts as a soluble form of the TNF-α receptor and binds to both TNF-α and TNF-β,
depleting these molecules. Conversely, infliximab and adalimumab are both monoclonal
antibodies that directly target TNF-α. These molecules have been proven to be effective and
safe in the treatment of moderate-to-severe psoriasis in randomized clinical trials controlled
with a placebo and with conventional drugs [72–76]. Given their cost-effectiveness, for sev-
eral authors, they may constitute the first line of biological treatment for the disease [77,78].

The influence of the HLA-Cw*06 allele in anti-TNF-α response has been extensively
studied. In a recent study by Coto-Segura et al. (n = 169), HLA-Cw*06 positive patients
showed a better response to adalimumab compared to those without the abovementioned al-
lele (OR 2.35, p = 0.018) [79]. A previous study by the same Spanish research group (n = 116)
observed that psoriasis patients who were carrying the HLA-Cw*06 allele together with
the insertion-genotype of the two late cornified envelope genes (LCE3B_LCE3C) showed
a higher probability of reaching PASI75 under anti-TNF-alfa at week 24 (OR 3.14, 95% CI
1.07–9.24, p = 0.034). However, when HLA-Cw*06 was assessed independently, statistical
significance was not reached [80]. On the other hand, Gallo et al. (n = 109) observed that
HLA-Cw*06 carriers were less likely to respond to adalimumab, infliximab, and etanercept
than HLA-Cw*06-negative patients [81], and these results are in line with those found by
Dand et al. in a study that included 839 patients treated with adalimumab and 487 treated
with ustekinumab. A multivariable regression model was individually performed on each
group of treatment: HLA-Cw*06 was associated with a worse response to adalimumab, de-
fined as a failure to reach the PASI90 at 6 months (OR 0.54, p = 1.67 × 10−4) [82]. Similarly,
Van den Reek et al. found a poorer response to adalimumab (PASI decline at 3 months)
in the HLA-Cw*06-homozygous group of patients [83]. To add to this controversy, the
HLA-Cw*06 status was not predictive of anti-TNF-α response in a study conducted in
British and Irish patients (n = 138) [84], as well as in many other studies carried out in
Spanish, Italian, and Chinese populations [85–89].

Apart from HLA-Cw*06, other HLA variants have also been analyzed. In a cohort of
Greek patients with moderate-to-severe psoriasis (n = 228), the rs10484554 polymorphism
in the HLA-C gene was associated with a better response to anti-TNF-α, as well as the HLA-
A-rs610604 polymorphism with a better response to adalimumab [90]. The HLA-B/MICA
rs13437088 polymorphism, which has been associated with early onset psoriasis [91],
predicted a better response to etanercept in a study involving 81 Spanish patients [92].
Guarene et al. studied the effect of the HLA-B Bw4-80I and HLA-A Bw4-80I alleles on 48
Italian patients under biologic treatment including infliximab, etanercept, adalimumab, and
ustekinumab. The abovementioned alleles present a greater binding affinity to killer-cell
immunoglobulin-like receptors (KIRs), which modulate natural killer (NK) cell function.
A significantly better response to etanercept was observed in the carriers of the HLA-A
Bw80I allele [93]. The HLA-B*46 haplotype was not associated with biologic response in a
study involving 74 Chinese patients (45 on etanercept) [85]. Finally, the HLA-G 14-base-pair
insertion/deletion polymorphism (rs66554220) did not modify the anti-TNF-α response in
a small group (n = 11) of Italian patients [65].
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Given that TNF-α is the target of the drugs reviewed in this section (etanercept,
adalimumab, and infliximab), several authors have raised the possibility that certain poly-
morphisms in the TNF-α gene may be biomarkers for the response to these therapies [21].
A meta-analysis by Song et al. explored the association between TNF-α gene polymor-
phisms and anti-TNF-α response in patients with autoimmune diseases including psoriasis.
The analysis included 10 articles and 887 Caucasian and Asian patients. The TNF-α -238
(rs361525) G allele, the TNF-α -308 (rs1800629) G allele, and the TNF-α -857 (rs1799724) C
allele were associated with a better response to these drugs. When stratifying by disease
type, the TNF-α -857 C allele predicted a better response in psoriasis patients (OR = 2.238,
95% CI 1.319–3.790) [94]. However, only 2 studies with a total of 177 Caucasian patients
were included [95,96]. In a Spanish study (n = 109), the TNF-α -238 G allele also predicted a
better response to these drugs [81]. However, it was the TNF-α -857 T allele, not the C allele,
that was associated with a better response to these treatments, and no association between
the TNF-α -308 polymorphism and anti-TNF-α response was found. Patients carrying
the TT genotype of the TNF-α rs1799964 polymorphism also showed a better response to
anti-TNF-α both at 3 and 6 months [81]. However, the studies by Dapra et al. [97] and
Ovejero-Benito et al. [98] found no effect of the four abovementioned polymorphisms on
the response to etanercept in Italian and Spanish patients, respectively. A study including
49 Japanese patients with moderate-severe psoriasis also found no effect of the TNF-α -857
polymorphism on the response to adalimumab or infliximab [99].

Polymorphisms in other genes related to TNF-α signaling have also been studied. The
tumor necrosis factor receptor superfamily member 1A (TNFRSF1A) and 1B (TNFRSF1B)
genes encode two receptors (TNFRI/p55 and TNFRII/p75, respectively) that mediate the
signaling of TNF-α. TNFRI mainly mediates inflammatory and pro-apoptotic responses,
while TNFRII has been more implicated in immune regulation and tissue regeneration [100].
Chen et al. conducted a meta-analysis to investigate whether certain polymorphisms in these
genes could predict the response to anti-TNF-α therapies in patients with autoimmune dis-
eases (rheumatoid arthritis, psoriasis, and Crohn’s disease). The analysis included 8 studies
involving 929 subjects with the TNFRSF1B rs1061622 polymorphism and 564 subjects with
the TNFRSF1A rs767455 polymorphism. Only 2 of the included studies were conducted
on patients with psoriasis (a Greek and a Spanish cohort with 90 and 80 patients, respec-
tively) [95,101]. Carriers of the rs1061622-T allele showed a better response to anti-TNF-α
drugs (OR 0.62, 95% CI 0.40–0.97 for non-response T vs. G). When a subgroup analysis
was conducted according to disease type, this association was maintained in the models for
psoriasis (OR = 0.39, 95% CI 0.23–0.67) [102]. The influence of this polymorphism could be
greater for Etanercept, as shown in the study by Vasilopoulos et al. [95].

The tumor necrosis factor-alpha-induced protein 3 (TNFAIP3) gene encodes a critical
protein that functions as a negative regulator of the NF-κB signaling pathway, which is
essential for the activation of the immune response. It is also involved in TNF-mediated
apoptosis [16]. The influence of the TNFAIP3 rs610604 and rs2230926 SNPs in the response
to anti-TNF-α drugs was studied by Tejasvi et al. A total of 632 patients with psoriasis from
the USA and Canada were included. The efficacy was measured with a visual scale. Patients
that carried the rs610604-G allele responded better than those carrying the A allele (OR 1.50,
p = 0.05). Stratifying by treatment, this difference was only significant for Etanercept (OR
1.64, p = 0.016). Although no association was found between treatment response and the
rs2230926 SNPs, those who carried the rs2230926 T-rs610604 G haplotype showed better
outcomes [103]. In a Spanish study that included 20 patients with psoriasis and psoriatic
arthritis, both the AA-rs6920220 and the AC/CC-rs610604 genotypes were associated with
a greater quality of life improvement after anti-TNF-α [98]. Conversely, Masouri et al.
found that the A-allele and not the C-allele in the TNFAIP3 rs610604 polymorphism was
associated with a better response, which was only significant with Etanercept [90]. These
findings are in line with those of an Iraqi study involving 100 patients with psoriasis [104].
Other authors have found no effect of TNFAIP3 SNPs in response to these drugs [83,99].
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Alongside TNF-α and related molecules genes polymorphisms, other potential biomark-
ers have been explored to predict anti-TNF-α response. The Fc fragment of IgG receptors
IIA(FCGR2A) and IIIA(FCGR3A) are surface receptors that bind to the constant fraction of
immunoglobulin G (IgG) and participate in antibody-dependent cellular toxicity mediated
by phagocytic or cytotoxic cells. Genetic alterations in these genes can affect the receptor’s
affinity for the immune complex [16]. The presence of histidine (H) instead of asparagine (R)
at position 131 (rs1801274) in FCGR2A and valine (V) instead of phenylalanine (F) at position
175 (rs396992) in FCGR3A results in higher-affinity receptors. In a Spanish study involving
70 patients with moderate-to-severe psoriasis, individuals carrying high-affinity genotypes
(HH131 + HR131 and VV158 + VF158) showed a greater reduction in BSA at week 6 of
anti-TNF-α treatment (beta = 0.372, p = 0.3 and beta = 0.425, p = 0.02, respectively). However,
no significant differences were observed at week 12 or in terms of the PASI [105]. Another
Spanish study involving 133 patients found that those harboring the low-affinity allele
FCGR2A were 13.32 times more likely to be non-responders (PASI75 at week 6) to anti-TNF-α
drugs [106]. Conversely, neither the study by Mendrinou et al. (n = 100, Greece) [107] nor the
study by Batalla et al. (n = 115, Spain) [108] found an association between the FCGR2A-H131R
polymorphism and anti-TNF-α response. Moreover, their results for the FCGR3A-V158F
polymorphism were contradictory: while in the study by Mendrinou et al., the carriers of
the high-affinity allele had a better response, especially to Etanercept [107], in the study of
Batalla et al., those carrying the lower affinity allele had a greater response, which was only
significant in the Etanercept subgroup [108].

Antonatos et al. recently conducted a meta-analysis addressing the role of these
polymorphisms in the response to anti-TNF-α drugs. It included 37 papers with a total
of 8398 Caucasian and Asian patients (4723 diagnosed with rheumatoid arthritis and/or
spondyloarthritis, 780 with psoriasis, and 2895 with inflammatory bowel disease). No
association was found between the FCGR2A-R131H SNP and response to anti-TNF-α
overall and when stratified by disease (OR 0.959; 95% CI 0.46–2.02 in psoriasis), which are
in line with the results for FCGR3A-V158F polymorphisms [109]. The authors also explored
TNF-alfa, TNFRSF1A, TNFRSD1B, TLR1, TLR5, IL12B, IL17A, and TRAILR1 SNPs. The
results regarding TNF-alpha polymorphisms were analogous to those previously reported
in the meta-analysis by Song et al. [94] and in the study by De Simone et al. [96]. The T-allele
of TNFRSF1B rs1061622 was associated with the response to anti-TNF-α in the psoriasis
subgroup (2 studies, n = 162, OR: 2.62, 95% CI 1.52–4.51). Null results were reported for the
rest of the polymorphisms [109].

Other SNPs in IL-17F, IL-17R, IL-23R, IL-12B, IL-1, IL-6, NFKBIZ, and CARD14 genes,
among others, have been shown to modulate anti-TNF-α response in different settings.
Table 1 summarizes them.

To date, most studies addressing this issue have used a candidate-gene approach,
analyzing a limited number of genes previously linked to psoriasis or its treatments.
A pharmacogenomic approach base on GWAS, on the other hand, has been used far
less frequently. To our knowledge, only three studies were conducted following this
methodology [110–112]. None of these studies were able to identify any SNP that reached
genome-wide statistical significance (p < 5 × 10−8). Lowering the significance threshold to
p < 5 × 10−5, Nishikawa et al. (n = 65) [110] found ten SNPs located in SPEN, JAG2, MACC1,
GUCY1B3, PDE6A, CDH23, SHOC2, LOC728724, ADRA2A, and KCNIP1 genes related to
anti-TNF-α response; Ovejero-Benito et al. (n = 243) [111] identified nine polymorphisms
that involved AKAP13, SUPT3H, CDH12 (2), and HNRNPKP3 (5) genes; and Ren et al.
(n = 209) [112] found seven loci associated with the treatment response in the following
genes: IQGAP2-F2RL2, SDC3, IRF1-AS1, NPAP1, KRT31, CTSZ, and CNOT11. Additionally,
the authors of the latest work checked the associations for the 19 SNPs with p < 5 × 10−5

found in the 2 previous GWAS on anti-TNF-α. While two of these SNPs reached p < 0.05,
none reached the significance thresholds required for these studies [112]. The different
genetic backgrounds of the populations assessed in these studies (Japanese, Spanish, and
Chinese, respectively) could be behind this lack of consistency. Anyway, GWAS requires

185



Int. J. Mol. Sci. 2023, 24, 9850

a sample size of >1000 patients, so further studies with larger cohorts of patients will be
needed in the coming years to validate these results.

In patients with sustained positive outcomes, a common clinical approach is to decrease
the dosage or extend the time between administrations (off-label optimization) to minimize
side effects and treatment costs. However, this de-intensification poses the risk of treatment
loss. Ovejero-Benito et al. discovered that the rs1008953 SDC4 SNP was linked to successful
dose reduction without compromising the response, while certain polymorphisms in IL28RA,
TLR10, TRAF3IP2, and MICA-A9 predicted an inability to achieve it [113].

Finally, apart from predicting treatment efficacy, different genetic polymorphisms are
involved with toxicity development, especially paradoxical psoriasis (PP). Bucalo et al.
explored SNPs in the HLA-Cw*06, IL23R, TNF-α, and IFIH1 genes in patients with in-
flammatory bowel disease or psoriasis and PP under anti-TNF-α. Although they found
associations between PP and two SNPs in TNF-α and HLA-Cw*06 in patients with in-
flammatory bowel disease, no associations were found in patients with psoriasis [114].
Conversely, in the study by Cabaleiro et al. (n = 161, Spain), the following SNPs were asso-
ciated with PP development in psoriasis patients under anti-TNF-α: the rs11209026 IL23R,
rs10782001 FBXL19, rs3087243 CTLA4, rs651630 SLC2A8, and rs1800453 TAP1 genes [115].
CNVs in regions involving the ARNT2, LOC101929586, and MIR5572 genes have also been
associated with the development of PP under infliximab or etanercept in a Spanish study
(n = 70) [116].

3.5.2. Ustekinumab

Ustekinumab is a human monoclonal antibody directed at the common p40 subunit of
IL-12 and IL-23, thereby blocking the Th1 and Th17 inflammatory pathways. It has been
shown to be effective and safe for the short- and long-term treatment of psoriasis in both
clinical trials and real-life studies [111,117–119].

In contrast to anti-TNF drugs, the influence of HLA-Cw*06 status on treatment re-
sponse seems to be more consistent for ustekinumab. Talamonti et al. conducted a study
that involved 51 Italian patients with moderate-to-severe psoriasis. The authors found
striking differences in the rate of ustekinumab response between HLA-Cw*06-positive
and -negative patients. A higher percentage of patients achieved PASI75 at week 12 in the
HLA-Cw*06-positive group (96.4% vs. 65.2%, OR = 13.4). Carriers of the HLA-Cw*06 also
showed a faster response at week 4 and longer disease control [120]. These results were
replicated by the same research group in two larger cohorts. In the first one (n = 134), a
significantly higher percentage of HLA-Cw*06-positive patients reached PASI75 at week 12
(82.9% vs. 54.2%), at week 52 (83.9% vs. 58.2%), and at week 104 (83.9% vs. 60.5%) [121].
A higher percentage of HLA-Cw*06-positive patients achieved not only PASI75 but also
PASI90 and PASI100 at weeks 12, 28, 40, and 52 in the second study (n = 255) [122]. Taking
together, HLA-Cw*06 may predispose to a better, faster, and longer-lasting response to
ustekinumab in Caucasian patients.

Results from other investigations in both Asian and Caucasian populations have
found results along the same lines. Chiu et al. studied the influence of different HLA-B
and -C polymorphisms in a group of Chinese patients with psoriasis on biologic treatment,
including ustekinumab (n = 29). Neither HLA-C*01, HLA-C*06, nor HLA-B*46 alleles were
associated with a better response in the ustekinumab subgroup (PASI50 at week 12) [85].
However, in a later study by the same investigators (n = 66), HLA-Cw*06-positive patients
showed a significantly higher mean PASI improvement (81.7% vs. 59.7%) and a higher
achievement of PASI90 (62% vs. 26%) at week 28 [123], probably reflecting a lack of power
in the former work. Additionally, in the previously discussed study by Dand et al. (n = 487
on ustekinumab), patients harboring HLA-Cw*06 were more likely to reach PASI90 at
6 months compared to HLA-Cw*06-negative patients (OR = 1.72, p = 0.018) [82]. HLA-
Cw*06 was again a predictor of the response to ustekinumab at weeks 4, 28, 40, and 52 in a
cohort of 64 Italian patients [124].
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However, in the study conducted by Raposo et al. (n = 116, Portugal), the initial
better response to ustekinumab in the HLA-Cw*06 patient subgroup (weeks 12 and 24)
was lost at 52 weeks, raising doubts about the consistency of this biomarker across all time
points [125]. Another US study determined the HLA-Cw*06 status from 601 participants in
three phase III randomized clinical trials [117,118,126], 332 of whom received ustekinumab.
A significantly higher percentage of HLA-Cw*06-positive patients achieved PASI75 at week
12 compared to HLA-Cw*06-negative patients (80.6% vs. 62.7%), but the association was
again no longer significant in the long-term. Furthermore, there was no strong association
between HLA-Cw*06 and the ustekinumab optimal response (PASI90 and PASI100), and
the differences between the overall population and the HLA-Cw*06 positive subgroup were
minimal (10% or less). In view of these findings, the authors suggested that HLA-Cw*06
status determination may have limited clinical utility in daily practice [127]. Van Vugt et al.
outlined a similar conclusion in a meta-analysis that combined most of these individual
studies. A total of 8 papers that involved 937 Caucasian and Asian patients were included
for the primary analysis (PASI75 at 6 months). HLA-Cw*06-positive patients presented a
higher response rate (OR 0.24, 95% CI 0.14–0.35). Indeed, the response rate in the HLA-
Cw*06-positive group varied from 62% to 98% (median 92%), whereas it varied from 40% to
84% (median 67%) in the HLA-Cw*06-negative group. Nonetheless, in the authors’ opinion,
the actual clinical relevance of HLA genotyping might be questionable as the response rates
in both groups were high [128]. Summarizing the evidence available, despite some studies
reporting no association [83,90,129], most of the currently available evidence supports the
positive influence of HLA-Cw*06 on ustekinumab response. However, further research is
necessary to clarify the true clinical impact of HLA genotyping and its potential application
in personalized medicine.

Alongside HLA-Cw*06, other gene polymorphisms have also been studied in relation
to ustekinumab. A total of 62 SNPs in 44 different genes were evaluated in a Danish cohort
of patients with psoriasis under biologic treatment, 230 with ustekinumab. Two variant
alleles of the IL1B gene (rs1143623 and rs1143627, OR = 0.25 and OR = 0.24, respectively),
which convey increased IL1B transcription, were associated with a significantly lower
reduction in the PASI at 3 months of treatment. Conversely, TLR5 rs5744174 and TIRAP
rs8177374 polymorphisms, which are genetic variants related to an increased level of IFN-
gamma, were associated with a better response (OR = 5.26 and OR = 9.42, respectively) [130].
Van den Reek et al. conducted a study on a Dutch population that included 66 episodes of
ustekinumab treatment. The IL12B rs3213094-T allele was associated with a greater mean
PASI reduction at 3 months, whereas the TNFAIP3 rs610604-G allele predicted a worse
outcome, with an even worse response in psoriatic arthritis patients [83]. Nonetheless,
other studies have not been able to replicate the influence of TNFAIP3 [90,120,124] or
IL12B polymorphisms [125] in drug efficacy. IL17-F [131], ERAP-1 [90], CHUK, C17orf51,
ZNF816A, STAT4, SLC22A4, Corf72, AGBL4, HTR2A, NFKB1A, ADAM33, and IL13 [132]
polymorphisms have also been associated with the modulation of ustekinumab response.
Table 2 summarizes the effect of these SNPs.
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The only GWAS evaluating the association between different genetic variants and
the response to ustekinumab was recently published. It involved 439 European-descent
psoriasis patients that had participated in at least one of the following randomized clin-
ical trials: PHOENIX I [117], PHOENIX II [118], and ACCEPT [126]. SNP rs35569429,
which is located on chromosome 4, was significantly associated with ustekinumab, effec-
tivity (change in the PASI at week 12) exceeding the genome-wide significance threshold
(beta = −15.83, p = 2.42 × 10−9). Specifically, patients carrying at least one deletion allele
showed a worse response to the drug. This genetic variant is located in an intergenic region
upstream of WDR1, whose protein regulates immune cell interactions and cell motility. The
authors hypothesized that this variation may be involved in promoter/enhancer activities
of proximal genes, but the functional effects of this variant still remain largely unknown.
Interestingly, patients simultaneously carrying HLA-Cw*06 and the rs35569429-GG geno-
type presented the highest response to ustekinumab (84.4% achieved PASI75 at week 12),
which was significantly higher than that obtained by patients harboring the HLA-Cw*06-
negative/rs35569429-GG genotype (71.6%), the HLA-Cw*06-positive/rs35569429-deletion
allele (65.5%), and the HLA-Cw*06-negative/rs35569429-deletion allele (38.8%) [140].

In this regard, Galluzo et al. also found that the IL12B rs6887695-GG genotype and the
absence of the IL12B rs3212227-AA genotype predicted a better and a longer-lasting response
only in patients that simultaneously carried the HLA-Cw*06 allele [124]. Morelli et al. further
explored this question using their cohort of 152 Italian patients with psoriasis. As well as
identifying different single SNPs associated with different responses to ustekinumab, the inves-
tigators found that HLA-Cw*06-positive and HLA-Cw*06-negative patients harbored distinct
patterns of SNPs associated with varying clinical responses. Indeed, HLA-Cw*06-positive
patients with an optimal response to ustekinumab were characterized by the co-presence of al-
lelic variants of CDSN(rs33941312), PSORS1C3(rs1265181), CCHCR1(rs2073719, rs746647, and
rs10484554), HCP5(rs2395029), the LCE3A-B intergenic region(rs12030223 and rs6701730), the
and HLA-C promoter region(rs13207315 and rs13191343). Concerning SNPs that characterized
HLA-Cw*06-negative patients, those present in MICA(rs2523497) and CDSN(rs1042127 and
rs4713436) were associated with a worse response. The authors hypothesized that multi-gene
markers, instead of the classical single-SNP biomarker approach, could gain importance in
the coming years for informing clinical decisions [141].

Table 2. Pharmacogenetic and pharmacogenomic studies on ustekinumab.

Author Year Country Gen Allele/SNP
Responsive

Allele or
Genotype

n Follow-Up Outcome Response

Morelli et al. [141] 2022 Italy

CCHCR1 rs2073719

Not
provided 152

12, 28, 64, 76, and
88 weeks PASI90 (+)

TNFA rs1800610 64, 76, 88, and 100 weeks PASI100 (−)

Intergenic region
upstream of

HLA-C

rs12189871
(HLA-

Cw*06_LD1)
12, 28, 76, and 88 weeks PASI90 (+)

rs4406273
(HLA-

Cw*06_LD3)
12, 28, 76, and 88 weeks PASI90 (+)

rs9348862 12, 28, 40, and 52 PASI90 (−)

rs9368670 12, 28, 40, and 52 PASI90 (−)

PSORS1C3 rs1265181 12, 28, 52, 76, and
88 weeks PASI90 (+)

MICA rs2523497 64, 76, 88, and 100 weeks PASI100 (−)

Intergenic region
between LCE3B

and LCE3A

rs12030223 12, 40,52, and 64 weeks PASI100 (+)

rs6701730 12, 40, 52, and 64 weeks PASI100 (+)

CDSN
rs1042127 52, 64, 88, and 100 weeks PASI100 (−)

rs4713436 52, 64, 88, and 100 weeks PASI100 (−)

Connell et al. [140] γ 2022 Europe Intergenic region
upstream WDR1 rs35569429 Deletion

allele 439 12 weeks Change
in PASI (−)
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Table 2. Cont.

Author Year Country Gen Allele/SNP
Responsive

Allele or
Genotype

n Follow-Up Outcome Response

Dand et al. [82] 2019 UK and
Ireland HLA-C HLA-Cw*06 Positive 487 6 months PASI90 (+)

Loft et al. [130] 2018 Denmark

IL1B
rs1143623 G/C

230 12 weeks PASI
reduction

(−)

rs1143627 T/C (−)

TIRAP rs8177374 C/T (+)

TLR5 rs5744174 T/C (+)

Prieto-
Pérez et al. [132] 2017 Spain

AGBL4 rs191190 TT

69 16 weeks PASI75

(−)

HTR2A rs6311 TT (−)

NFKB1A rs2145623 CC (−)

ADAM33 rs2787094 CC (−)

IL13 rs848 TT (−)

CHUK rs11591741 GC (+)

C17orf51 rs1975974 AG (+)

ZNF816A rs9304742 CT (+)

STAT4 rs7574865 GT (+)

SLCC22A4 rs1050152 CT (+)

C9orf72 rs774359 CT (+)

van den
Reek et al. [83] 2017 Netherlands

IL12B rs3213094 CT

66 φ 3 months

Change
in PASI (+)

TNFAIP3 rs610604 GG Change
in PASI (−)

Raposo et al. [125] 2017 Portugal HLA-C HLA-Cw*06 Positive 116 12 and 24 PASI75 (+)

Talamonti et al. [122] 2017 Italy HLA-C HLA-Cw*06 Positive 255 4, 12, 28, 40, and 52

PASI50,
PASI75,
PASI90

and
PASI100

(+)

Talamonti et al. [121] 2016 Italy HLA-C HLA-Cw*06 Positive 134 12, 28, 52, and104 PASI75 (+)

Galluzo et al. [124] 2016 Italy HLA-C HLA-Cw*06 Positive 64 4, 28, 40, and 52 PASI75 (+)

Li et al. [127] 2016 USA HLA-C HLA-Cw*96 Positive 332 4 and 12 weeks
PASI50

and
PASI75

(+)

Masouri et al. [90] 2016 Greece ERAP1
rs151823 CC

22 24 weeks PASI75
(+)

rs26653 GG (+)

Prieto-
Pérez et al. [131] 2015 Spain IL-17F rs763780 TC 70 12 and 24 weeks PASI75 (−)

Chiu et al. [123] 2014 China HLA-C HLA-Cw*06 Positive 66 4 and 28 weeks
PASI75

and
PASI90

(+)

Talamonti et al. [120] 2013 Italy HLA-C HLA-Cw*06 Positive 51 4, 12, 28, and 40 weeks PASI75 (+)

Only studies that found statistically significant associations are included; PASI: Psoriasis Area and Severity Index;
γ: genome-wide association study (GWAS); φ: treatment episodes or cycles (one patient could receive more than
one cycle of each drug); (+): better response; (−) worse response.

3.5.3. Other Biologics

A recent network meta-analysis involving 167 studies and 58.912 patients with pso-
riasis analyzed the efficacy of systemic pharmacological treatments for chronic plaque
psoriasis, including anti-TNF-α and cytokine inhibitors. Anti-IL17 and anti-IL-23 biologics
showed a higher proportion of patients achieving PASI90 compared to all the interventions.
These results are in line with other meta-analyses that addressed this issue [142,143]. How-
ever, despite being the most effective drugs to date, there have been few studies exploring
the influence of genetic background on their efficacy. All of them have focused on the
pharmacogenetics of anti-IL17 and anti-IL17R drugs.

The influence of HLA-Cw*06 on secukinumab response was analyzed in the SUPREME
study, a 24-week phase IIIb trial that included 434 patients with moderate-to-severe pso-
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riasis. No differences were found in either PASI90 or absolute PASI at 16 and 24 weeks
of treatment between HLA-Cw*06-positive and -negative patients. There were also no
differences in effectiveness and safety in the open-label extension of the trial (n = 384), in
which the proportion of patients that reached PASI75/PASI90/PASI100 was comparable
across both groups throughout the 72 weeks of treatment [144,145]. A study involving
18 Swiss patients also failed to find differences in secukinumab response based on HLA-
Cw*06 status, although the sample size was not powered to identify differences similar to
those observed in ustekinumab works [146].

On the other side, in a retrospective study involving 151 Italian patients with moderate-
to-severe psoriasis treated with secukinumab, HLA-Cw*06 predicted a higher PASI90 achieve-
ment from week 16 to week 72. However, this association lost significance when other
variables were considered in multivariable models [147]. Another study by Morelli et al. ex-
amined 62 Italian patients receiving secukinumab and also observed that HLA-Cw*06-positive
patients were more likely to achieve PASI90 at weeks 24, 40, and 56, and PASI100 at weeks 8,
16, and 24 compared to HLA-Cw*06-negative patients. The authors explored the impact of
417 genetic variants previously associated with psoriasis risk or response to biologics. Apart
from HLA-Cw*06, different SNPs located in the HLA-C promoter region and upstream HLA-C
were associated with better a response to this drug. The authors hypothesized that these
non-coding genetic variants could regulate HLA-C transcription. The absence of rs9267325
SNP in MICB-DT and the presence of rs909253 and rs1800683 in LTA also predicted a stronger
response to secukinumab. Interestingly, rs34085293 in DDX58 and rs2304255 in TYK2 may
identify a subgroup of super-responder patients, as a high proportion of patients carrying
these alleles achieved PASI100 both at short- and long-term follow-ups. Both TYK2 and
DDX58 encode proteins recently involved in the IL-23/IL-17 axis by inducing IL-23 and regu-
lating IL-23-mediated pathways. Interestingly, as with ustekinumab, the authors divided the
patients into clusters according to HLA-Cw*06 status and response to secukinumab. Certain
SNPs in DDX58, the upstream region of HLA-C, the HLA-C promoter region, or CCHR1
significantly clustered with HLA-Cw*06 and identified a subgroup of HLA-Cw*06 carriers
with a better response. Conversely, different polymorphisms in MICB-DT, ERAP1, and MICA
might identify a subgroup with low response among HLA-Cw*06-negative patients [148].

Finally, van Vugt et al. investigated the effect of IL-17A gene polymorphisms on
secukinumab and ixekizumab response in a cohort of 134 Dutch patients with psoriasis.
Although five SNPs in non-coding regions (rs2275913, rs8193037, rs3819025, rs7747909,
and rs3748067) were identified, none of them were associated with drug response when
evaluating change in PASI or PASI75/90 achievement at 12 and 24 weeks [149].

4. Conclusions and Future Directions

As reviewed in this article, more than a hundred papers have addressed the influ-
ence of different genetic variants on the response to most of the treatments that currently
compose the therapeutic arsenal for psoriasis, from topical treatments to biologic drugs.
However, despite this huge effort to identify genetic biomarkers that help predict drug
response, these biomarkers have barely reached daily clinical practice. Most of the findings
of these studies have not been replicated in other series, which are generally of small sample
size and mainly include Caucasian and, to a lesser extent, Asian patients. Indeed, the asso-
ciation between different genetic polymorphisms and drug response varies among different
populations, which may indicate the existence of population-specific genetic biomarkers.
Further research with larger cohorts of patients and including different ethnicities and races
will be needed in the coming years to fully establish the role of these polymorphisms on a
daily-clinical basis.

The most widely studied drugs are the anti-TNF-α. While some polymorphisms in the
TNF-α and TNFRSF1B gene have been associated with a better response to these drugs using
meta-analyses, these generally include few studies, and the evidence remains conflicting.
Examining the response to these drugs as a homogeneous group may have contributed
to the heterogeneity in results. As their mechanism of action differs, the polymorphisms
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evaluated may not exert the same effect with different biologics. Indeed, some studies have
found different results when stratifying for etanercept, adalimumab, or infliximab [81,95].
The influence of the HLA-Cw*06 allele on the response to ustekinumab appears to be
more robust. Nonetheless, given the high rate of response to the drug regardless of the
presence of the allele, some authors question the practical usefulness of its determination.
Conducting pharmaco-economic studies could shed light on this issue [150]. Furthermore,
pharmacogenetic and pharmacoeconomic studies aimed not only at predicting effectiveness
but also at predicting toxicity or effective drug optimization could also provide valuable
information on treatment selection. To date, very few studies have addressed this issue.

Finally, epigenetic modifications have also been shown to explain inter-individual
differences in response to therapy [151] and have also been involved in psoriasis devel-
opment [152]. A Spanish research group found that differences in DNA and histone
methylation could influence the anti-TNF-α response [153,154]. This largely unexplored
genetic field could also provide important clues for identifying predictors for response in
this complex heterogeneous disease.

5. Limitations

The limitations of the present review include its narrative design. In addition, the
search strategy may have limited the scope of this study, as the search terms did not include
drugs that are rarely used in our setting but may be frequently used in other regions, such
as etretinate or retinoids other than acitretin. This could have made it difficult for us to find
studies evaluating the effect of genetic variations in the response to these drugs.
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Abstract: Cutaneous squamous cell carcinoma (cSCC) is the second-most common type of non-
melanoma skin cancer and is linked to long-term exposure to ultraviolet (UV) radiation from the
sun. Rocuronium bromide (RocBr) is an FDA-approved drug that targets p53-related protein kinase
(PRPK) that inhibits the development of UV-induced cSCC. This study aimed to investigate the
physicochemical properties and in vitro behavior of RocBr. Techniques such as thermal analysis,
electron microscopy, spectroscopy and in vitro assays were used to characterize RocBr. A topical
oil/water emulsion lotion formulation of RocBr was successfully developed and evaluated. The
in vitro permeation behavior of RocBr from its lotion formulation was quantified with Strat-M® syn-
thetic biomimetic membrane and EpiDerm™ 3D human skin tissue. Significant membrane retention
of RocBr drug was evident and more retention was obtained with the lotion formulation compared
with the solution. This is the first systematic and comprehensive study to report these findings.

Keywords: drug flux; Franz cell diffusion system; Strat-M® synthetic biomimetic membrane; HaCaT
human skin cell line; NHEK human primary skin cells; EpiDerm® 3D human skin tissue

1. Introduction

The incidence of cutaneous squamous cell carcinoma (cSCC), a non-melanoma skin
cancer, rises 2–4% per year in the United States [1]. A significant challenge in estimating
accurate incidence rate of cSCC is the lack of reliable registries for non-melanoma skin can-
cer. Recent reports indicate that, if we apply the increase in incidences seen when multiple
cSCCs per patient are included with the first cSCC, it is possible that the incidences could
be as large as 112.8 per 100,000 person-years for male patients and 92.7 per 100,000 person-
years for female patients. These incidences would be greater than the incidence of prostate
cancer in males and approach the incidence of breast cancer in females in the US [2,3].
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In addition, health care costs and morbidity associated with skin cancer have contin-
ued to increase in recent years [4]. Therefore, development of effective, preventive and
therapeutic techniques is imperative. Ultraviolet (UV) radiation from the sun (sUV) is a sig-
nificant environmental carcinogen that induces inflammation and skin cancer. Long-term
exposure to sUV can trigger inflammatory reactions, oxidative stress, DNA damage and
gene alterations in the skin, which have been linked to various skin conditions, including
an increased risk of skin cancers [5]. Hence, identifying the primary signaling molecules
involved in cSCC development for more precise treatments would be advantageous. Roh,
Lee et al. have reported that the T-LAK cell-originated protein kinase (TOPK) and p53-
related protein kinase (PRPK) are critical players in the development of skin malignancy
and that targeting PRPK with rocuronium bromide (RocBr) could inhibit the development
of cSCC [5].

For patients with localized cSCC, complete surgical resection is indicated, followed by
radiotherapy in those with non-resectable tumors [6,7]. Localized cSCC is the most common
clinical presentation for cSCC and, therefore, surgical, topical and intralesional approaches
are considered the primary types of therapeutic interventions. Importantly, cSCC can also
be prevented through therapeutic prevention approaches for pre-cancerous lesions such as
actinic keratoses (AKs) and/or cSCC. These options range from topical products such as
retinoids, 5-fluoruracil, chemical peels and photodynamic therapy to systemic agents such
as acitretin and capecitabine. These interventions have strengths and weakness in efficacy
and associated side effects, limiting their application in the general population with the
largest cSCC incidence/AK prevalence. The vast majority of patients with increased burden
of AKs and cSCCs require combination and rotational therapy. Based on experimental
studies, RocBr may have the potential to become another alternative for topical treatment
of AK/cSCC, especially in patients of advanced age and with multiple comorbidities.
Treatment choice is based on staging, risk stratification and pathological findings, per the
National Comprehensive Cancer Network (NCCN) clinical practice guidelines [7]. Other
studies have examined alternative therapies, such as epidermal growth factor receptor
(EGFR) inhibitors, but are not currently recommended for treatment [6,8,9].

RocBr is an FDA-approved aminosteroid neuromuscular blocking drug administered
by injection (Zemoron®) and works by decreasing or suppressing the depolarization of
acetylcholine on the terminal disc of the muscle cell [10]. A rational approach to utilize
RocBr for the targeted non-invasive therapy of cSCC would be a topical skin formulation
and, in this work, we have successfully developed a new oil/water emulsion lotion of
RocBr for topical skin drug delivery that can be used as an alternative to the intravenous
route to potentiate its beneficial effect. Comprehensive physicochemical characterization,
such as thermal analysis, imaging by electron microscopy with energy dispersive spec-
troscopy X-ray spectroscopy, imaging by hot-stage microscopy, molecular fingerprinting
by spectroscopy and in vitro properties of RocBr, were conducted in vitro to determine
the oil/water partition coefficient that can be used to optimize the formulation, ensuring
that the drug is delivered to the skin effectively and achieves the desired therapeutic effect
for the first time. Additionally, in vitro cell viability using 2D cell culture of HaCaT and
normal human epidermal keratinocytes (NHEK®) primary cells was used to determine the
toxicity of the RocBr formulations by measuring their proliferation, to determine the safe
and effective concentration of RocBr in the topical formulation. Moreover, cell viability
studies also provide insights into the permeation behavior of the drug in the skin. Finally,
the RocBr lotion was tested for drug permeation and membrane drug retention using
Strat-M® synthetic biomimetic membrane with a Franz cell diffusion system. In addition, a
reconstructed human epidermis tissue (EpiDerm®) was used to evaluate the membrane
drug retention and drug diffusion behavior of RocBr through this human skin tissue model.
To the authors’ knowledge, this comprehensive and systematic study is the first to report
these findings.
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2. Results

2.1. Physicochemical Characterization of Raw Rocuronium Bromide
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX) Spectroscopy

Raw RocBr showed an irregular shape (Figure 1) under SEM; as such, it proved difficult
to determine its average geometric size. For chemical identification of RocBr (Figure 2), the
characteristic Kα lines (peaks) of bromide (Br) were seen at 1.7 keV. The Kα line of carbon
(C) was observed at 0.3 keV and the Kα of oxygen (O) and nitrogen (N) were both seen
at 0.5 keV. The peaks corresponding to Br, C, O, N and atoms from elemental analysis of
RocBr are shown in Figure 2.

 

Figure 1. SEM micrographs of RocBr at 700×, 2800×, 5000× and 20,000× resolution.
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Figure 2. EDX spectra of raw RocBr powder showing characteristic peaks.

2.2. X-ray Powder Diffraction (XRPD)

XRPD is a non-destructive technique to evaluate the solid-state nature of samples [11].
The XRPD spectrum of raw RocBr (Figure 3) showed only a background hump without
any characteristic diffraction peaks, indicating the absence of long-range molecular order,
i.e., non-crystalline, amorphous nature of the drug [12].

Figure 3. XRPD diffraction patterns of raw RocBr.

2.3. Differential Scanning Calorimetry (DSC)

The DSC thermograms of raw RocBr (Figure 4) exhibited broad endothermic peaks at
53.6 ◦C, 96.9 ◦C and 173.2 ◦C, representing a glass transition (Tg) step followed by water
loss and melting decomposition, respectively. The enthalpy and temperature values are
summarized in Table 1. The predicted melting point of RocBr is ~169 ◦C.
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Figure 4. DSC thermogram of raw RocBr.

Table 1. DSC thermal analysis of RocBr (n = 3, mean ± standard deviation).

Sample

Peak 1 Peak 2 Peak 3

Tpeak

(◦C)
Enthalpy

(J/g)
Tpeak

(◦C)
Enthalpy

(J/g)
Tpeak

(◦C)
Enthalpy

(J/g)

Raw RocBr 53.6 ± 0.2 0.3 ± 0.1 96.9 ± 3.8 5.6 ± 0.8 173.2 ± 8.3 4.0 ± 0.3

2.4. Hot-Stage Microscopy (HSM)

Raw RocBr showed irregularly shaped aggregated particles without birefringence,
indicating the non-crystalline nature of the solid-state drug, which was consistent with
its XRPD diffractogram (Figure 5). At 164–166 ◦C, raw RocBr solid-state particles started
to show a solid-to-liquid phase first-order transition, characteristic of melting, at ~175 ◦C.
As temperature increased, RocBr remained in a liquid state, with possible decomposi-
tion shown at 250 ◦C. The transitions observed during HSM were consistent with DSC
thermograms (Figure 4).

Figure 5. Representative HSM images of raw RocBr. The scale bar represents 100 μm.
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2.5. Karl Fisher Titration (KFT)

The residual water content of raw RocBr was quantified by Karl Fisher coulometric
titration. Raw RocBr powder had an average residual water content of 0.086 % w/w ± 0.023
(Table 2).

Table 2. Residual water content in raw RocBr powder quantified by KFT (n = 3, mean ± standard
deviation).

Sample Identification Residual Water Content (% w/w)

RocBr1 0.065
RocBr2 0.084
RocBr3 0.110

Average ± SD 0.086 ± 0.023

2.6. Raman Spectroscopy

The Raman spectrum (Figure 6) of RocBr showed characteristic peaks (cm−1) at 3125
(ν O–H, weak), 2994, 2871, 2825 (ν C–H, strong), 2354 (ν C=C, strong), 1749, 1641 (ν C=O,
medium), 1446, 1310 (δ CH2, medium), 1252, 1211, 1121, 1036, 856, 773, 716 and 655 (ν C–C,
medium), as previously reported [13–15].

Figure 6. Representative Raman spectra of raw RocBr using 785 nm laser.

2.7. Attenuated Total Reflectance (ATR)–Fourier-Transform Infrared (FTIR) Spectroscopy

Figure 7 shows the ATR–FTIR spectrum of RocBr. The FTIR spectrum showed charac-
teristic peaks (cm−1) at 3360 (ν O–H, phenolic), 2928, 2858 (ν C–H, alkane), 1748 (ν C=O,
ester), 1646 (ν C=C, alkene), 1451 (δ O–H, phenolic), 1376, 1219 (ν C–N), 1119 and 1024
(ν C–O, ester), as previously reported [14,15]. The spectral pattern seen in the fingerprint
region (<1000 cm−1) was consistently observed in raw RocBr.

2.8. In Vitro and In Silico Oil/Water Partitioning Coefficient (Log P) of RocBr

The in silico predicted pKa values of RocBr were 7.2 and 14.5 using ChemDrawTM

(Ver. 16.0.; Cambridge Soft, Cambridge, MA, USA). The in silico calculated/computed Log
P (cLog P) of RocBr was 2.43 using ChemDraw™ Ver. 16.0 (Cambridge Soft, Cambridge,
MA, USA) and 1.72 using Swiss ADME (Swiss Institute of Bioinformatics, Switzerland).
The experimental partition coefficient of RocBr was measured at pH 7.1 and 12.9. Log P
of RocBr at 35 ◦C ranged from −0.61 to 0.90 and from −0.20 to 0.56 at room temperature
(Table 3).
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Figure 7. ATR–FTIR spectrum of raw RocBr.

Table 3. Summary of partition coefficient (Log P) for RocBr at various pH values (n = 3, mean ±
standard deviation).

Experimental (Log P) Average ± SD

At 35 ◦C, pH = 7.1 −0.61 ± 1.10
At Room temperature/ambient temperature, pH = 7.1 −0.20 ± 0.30

Experimental (Log P) Avg. Log P ± SD

At 35 ◦C, pH = 12.9 0.90 ± 0.15
At Room temperature/ambient temperature, pH = 12.9 0.56 ± 0.48

Predicted (cLog P) Predicted Value

ChemDraw Version 16.0 2.43
Swiss ADME 1.72

2.9. Ultraviolet (UV)/Visible (Vis) Spectroscopy

An absorption below wavelength of 200–250 nm (UVA) with a lambda maximum was
observed in the UVA region at 210 nm, in both 0.1% (w/v) and 0.5% (w/v) RocBr solutions,
when compared to methanol as a blank (Figure 8).

Figure 8. UV/Vis of 0.1% and 0.5% (w/v) RocBr in HPLC-grade methanol, as compared to HPLC-
grade methanol alone over a range of 200 nm to 750 nm.
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2.10. High Performance Liquid Chromatography (HPLC) Analysis

RocBr showed an average retention time of 7.02 ± 0.04 min (Figure 9B) when compared
with acetonitrile (Figure 9A).

(A) 

(B) 

Figure 9. HPLC chromatogram of (A) HPLC-grade acetonitrile; (B) RocBr.

2.11. In Silico ADME Prediction

The Lipinski Rule of Five is a widely used guideline in drug design and development
that predicts a compound’s likelihood of being bioavailable. A set of rules known as
the Lipinski Rule of Five is frequently applied in the drug discovery process to assess the
possibility that a drug candidate would be successful in terms of being absorbed by the body.
The rule is founded on the idea that substances which have particular physicochemical
characteristics are more likely to have good oral bioavailability, which refers to a drug’s
capacity to enter the bloodstream.

A quaternary ammonium chemical called rocuronium bromide was first employed as
a skeletal muscle relaxant. Its physicochemical characteristics are crucial to its active ingre-
dient cutaneous and transdermal distribution. RocBr has a 610.78 g/mol molecular weight,
which is a high value. Due to their large size, high-MW drugs are usually considered to
have poor skin permeability. However, because rocuronium bromide is a charged chemical,
ions could partner with skin lipids, which could increase skin penetration. Important
factors in predicting skin permeation include the quantity of H-bond donors (NHD) and
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acceptors (NHA). With one H-bond donor and four H-bond acceptors, RocBr may be able
to form a hydrogen bond with the skin molecules, improving its permeability. In gen-
eral, RocBr physicochemical characteristics indicate that, depending on the particular skin
conditions and formulation employed, it may have moderate-to-high skin permeability.

2.12. In Vitro Cell Dose–Response Assay in 2D Cell Culture

RocBr did not show any significant reduction in cell viability in either HaCaT or NHEK
cells after 48 h of exposure to varying dose concentrations of drug, comparing experimental
groups to control groups without RocBr (Figure 10A,B). The viability of NHEK primary cells
was ~100% at all drug dose concentrations except 1000 μM. At 1000 μM drug concentration,
the NHEK primary cell viability decreased significantly (p < 0.0001) compared to the other
concentrations tested. The viability of HaCaT skin cells was ~100% when treated with
RocBr at dose concentrations of 0.01 μM, 1 μM or 10 μM. The viability of HaCaT cells
decreased significantly at 100 μM (p < 0.05) and 1000 μM (p < 0.0001) drug concentrations,
compared to the lower concentrations tested.

 
             (A) 

 
        (B) 

Figure 10. In vitro cell viability of raw RocBr using (A) human transformed keratinocytes (HaCaT),
(B) primary normal human epidermal keratinocytes (NHEK).

2.13. In Vitro Permeation of RocBr through Strat-M® Transdermal Diffusion Membrane

A Strat-M® transdermal diffusion membrane was utilized to evaluate in vitro diffusion
and permeation of RocBr formulations. The analysis was conducted with 1% (w/v) RocBr
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lotion and 1% (w/v) RocBr solution. RocBr in 1% (w/v) solution and lotion exhibited
no measurable permeation through/diffusion out of the Strat-M® membrane at all the
timepoints. As expected, RocBr lotion showed significantly (p < 0.0001) higher retention
(953.9 ± 17.9 μg) on the membrane than that of solution (768.3 ± 12.6 μg) (Table 4).

Table 4. In vitro skin permeation parameters of RocBr 1% (w/v) lotion and 1% (w/v) solution through
Strat-M® transdermal diffusion membrane (n = 3, mean ± standard deviation).

Sample Flux (μg/cm2/h) Lag Time (h) Drug Retention (μg)

1% (w/v) solution in PBS (pH = 7.4) - 768.3 ± 12.6
1% (w/v) RocBr lotion - - 953.9 ± 17.9

Diffusion through the 3D cell model is relevant, as it helps to predict RocBr skin depth
penetration capacity and drug accumulation in the human tissue, which are essential for
topical delivery for skin carcinogenesis treatment. Epiderm™ was used to study drug
permeation of 1% (w/v) RocBr lotion and solution over the course of 6 h (Figure 11). Flux
(J) value from 1% (w/v) lotion was lower than that of drug solution. On the other hand,
RocBr lotion (29.2 ± 6.76 μg) showed less retention than RocBr solution (Table 5).

Figure 11. In vitro EpiDermTM permeation profile of RocBr. 1% (w/v) PBS (pH = 7.4) solution and
1% (w/v) RocBr lotion.

Table 5. In vitro skin permeation parameters of RocBr 1% (w/v) lotion and 1% (w/v) solution through
EpiDermTM 3D normal human-derived epidermal keratinocytes (n = 3, mean ± standard deviation).

Sample Flux (μg/cm2/h) Lag Time (h) Drug Retention (μg)

1% (w/v) solution in PBS (pH = 7.4) 177.2 ± 9.25 - 63.5 ± 19.8
1% (w/v) RocBr lotion 112.0 ± 12.0 - 29.2 ± 6.76

3. Discussion

RocBr is a steroidal neuromuscular blocking agent and is commonly used as a muscle
relaxant during surgery or mechanical ventilation [16]. Recently, RocBr was identified as
an inhibitor of PRPK, attenuating the development of solar-simulated light-induced cSCC
and expression of proliferation and oncogenesis markers in SKH1 hairless mice [5]. A
preformulation study to understand the physicochemical and solid-state nature of the drug
is important. Thus, an in-depth physicochemical characterization and solid-state analysis
of raw RocBr was conducted. Comprehensive physicochemical characterization—thermal
analysis, imaging by electron microscopy with energy dispersive spectroscopy X-ray spec-
troscopy, imaging by hot-stage microscopy, molecular fingerprinting by spectroscopy and
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in vitro properties of RocBr—was conducted and reported for the first time. RocBr powder
appears to be non-crystalline at room and biological temperatures, as indicated by the lack
of sharp diffraction peaks which are characteristic of long-range molecular order in crys-
talline powders in XRPD, the lack of crystalline birefringence in HSM and the exothermic
peak indicative of a disorder-to-order solid-state first-order phase transition followed by
melting in DSC, which is also a first-order phase transition. RocBr powder has a measurable
first-order phase transition of melting at a high temperature well above 100 ◦C. The very
low residual water content of the RocBr powder is consistent with hydrophobicity. In addi-
tion, we have successfully developed, for the first time, a RocBr lotion with biocompatible
excipients that are commonly used in the cosmetics industry.

In vitro cell viability was evaluated with 2D human cell culture of HaCaT skin cells
and 2D normal human epidermal keratinocytes (NHEK®). Keratinocytes play a vital
role in providing functions and structure to the skin [17]. Normal human epidermal
keratinocytes (NHEK) are primary cells collected from the epidermis of adult donors,
which have been widely used as a model for inflammatory skin diseases and skin responses
to ultraviolet radiation or oxidative stress [18–22]. HaCaT is a spontaneously immortalized
keratinocyte line derived from adult trunk skin and has been widely used as a reliable
in vitro model for studies of epidermal architecture, inflammatory responses and skin
metabolism [23–26]. In addition, HaCaT cells have p53 mutations that are characteristic
of cutaneous squamous cell carcinomas and, thus, are considered as a relevant model for
analyzing skin cancer development [27]. In vitro toxicity of RocBr on human skin cells was
successfully demonstrated over a wide drug concentration dose range using 2D cell culture.
This was evident for both the HaCaT human keratinocyte cell line and NHEK primary cells.
The findings indicate that the viability of NHEK primary cells and HaCaT cells remained
high at all tested drug dose concentrations, except for the highest concentration (1000 μM).
At this concentration, the NHEK primary cell viability decreased significantly compared
to the other concentrations tested. The significant difference in viability at the highest
dose concentration compared to the others indicates that there is likely a dose-dependent
effect on cell viability. The high cell viability observed in this study at the lower drug
concentrations indicates that the drug may be safe to use at therapeutic doses.

In vitro oil/water partition coefficient at two different temperatures (representing
ambient and skin temperature) were successfully completed and reported for the first time.
In vitro Log P was measured under various conditions and was found to be ~0, which
is consistent with amphiphilic drugs which demonstrate near-equal partitioning of drug
molecules into both the hydrophobic octanol phase and hydrophilic aqueous phase.

In vitro models are very important for predicting drug permeation through skin in the
early stage of formulation development. Strat-M® membrane is a synthetic model designed
to mimic the structure and lipid composition of human skin, which has been widely used
to evaluate topical formulations [28–32] and screen between different formulations for their
optimization. While the Strat-M® membrane can be used for studying drug permeation
across the skin, it is not identical to the complex structure and properties of the skin. An-
other in vitro model, EpiDerm®, was used as a three-dimensional tissue model, consisting
of multiple layers of normal human epidermal keratinocytes on inserts [33]. EpiDerm®

model exhibits similar morphology, lipid profile, metabolic activity and barrier functions of
normal human skin and, thus, it has been used for assessing skin irritancy, phototoxicity
and drug transport [34]. The new RocBr lotion formulation was successfully tested for drug
permeation and membrane drug retention using Strat-M® synthetic biomimetic membrane
with the in vitro Franz cell diffusion system. No measurable drug flux was observed for
RocBr lotion nor RocBr solution using the in vitro Strat-M® synthetic biomimetic mem-
brane/Franz cell diffusion system. RocBr lotion provided significantly (p < 0.0001) higher
retention in the Strat-M® membrane compared to the RocBr solution using the in vitro
Strat-M® synthetic biomimetic membrane/Franz cell diffusion system. This demonstrates
that both formulations are suitable for targeted skin drug delivery with relatively high
tissue retention, with the lotion being superior to the solution under these conditions.
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In addition to the in vitro Strat-M® synthetic biomimetic membrane/Franz cell diffu-
sion system, EpiDerm® 3D human tissue was successfully used to evaluate the membrane
drug retention and drug diffusion behavior of RocBr in vitro. Both RocBr lotion and solu-
tion formulations demonstrated measurable drug flux and membrane retention. However,
RocBr solution demonstrated relatively higher values of both flux and tissue membrane
retention than the RocBr lotion when using EpiDerm® 3D human tissue. One advantage
of using EpiDerm® tissue for drug permeation studies is its close resemblance to human
skin, which can provide more accurate and representative results compared to synthetic
membranes such as Strat-M®. However, EpiDermTM tissue typically has a thickness of
0.3 to 0.4 mm, which can limit its use for studying the permeation of drugs with regard
to deeper skin penetration. Another plausible explanation for the difference in results
in both Strat-M® and EpiDermTM is the potential for RocBr skin penetration. Molecular
modeling showed how RocBr may have poor penetration given its molecular weight be-
ing >500 g/mol, despite its low Log P, as shown in Table 3. Furthermore, other factors
which could have impacted penetration are pH of formulation, hydration of membranes
and concentration of dissolved drug.

This again demonstrates that both formulations are suitable for targeted skin drug
delivery with relatively high tissue retention, with the lotion being superior to the solution
under these conditions.

4. Materials and Methods

4.1. Materials

Rocuronium bromide (purity 99%, molecular weight 529.79 g/mol, C32H53N2O4
+Br−)

was purchased from MuseChem (Fairfield, NJ, USA), with structure as shown in Figure 12
(ChemDrawTM Ver. 16.0.; Cambridge Soft, Cambridge, MA, USA). Sodium bromide (purity
99%), tetramethylammonium hydroxide pentahydrate (purity > 97%), phosphoric acid
for HPLC (purity 85–90%) and Hydranal®-Coulomat AD and resazurin sodium salt were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium chloride (purity 99%, salt,
crystal, reagent, A.C.S) was purchased from Spectrum Chemical MFG Corp. (Gardena, CA,
USA). The digital thermometer/hygrometer LSCs were purchased from Veanic (Shenzhen-
shi Aoyu Keji Co., Ltd., Shenzhen, China). The 0.2 μm nylon membranes (25 mm) were
purchased from VWR (Radnor, PA, USA).

Figure 12. Rocuronium bromide (RocBr): (A) chemical structure (B) 3D ball-and-stick chemical
structure (ChemDrawTM Ver. 16.0.; Cambridge Soft, Cambridge, MA, USA).
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The human keratinocyte immortal cell line (HaCaT, AddexBio® T0020001) was pur-
chased from AddexBio (San Diego, CA, USA). The Dulbecco’s modified Eagle’s medium
(DMEM), optimized 1X was obtained from AddexBio (San Diego, CA, USA). Fetal bovine
serum (FBS), Pen-Strep (5000 U/mL) and Fungizone® were obtained from GibcoTM Life
Technologies (Thermo Fisher Inc, Waltham, MA, USA). Normal human epidermal ker-
atinocytes (NHEK®), which are primary adult cells, and their growth media (NHEK-GM®)
were both purchased from MatTek Life Sciences (Ashland, MA, USA). EpiDermTM, a
3D tissue model consisting of normal human-derived epidermal keratinocytes, and its
EpiDermTM special growth medium were purchased from MatTek Life Sciences (Ashland,
MA, USA). The Strat-M® membrane (Transdermal Diffusion Test Model, 47 mm) was
purchased from Millipore Sigma (Danvers, MA, USA).

4.2. Preparation of the Topical Oil/Water Emulsion Formulation

The rocuronium bromide (RocBr) 1% (w/v) oil/water emulsion lotion was prepared
by the Dr. Ann Bode lab at The Hormel Institute at the University of Minnesota (Austin,
MN, USA) [35]. Briefly, oil-in-water lotion of RocBr was prepared by mixing Phase A and B
at 70 ◦C. All ingredients in Phase A and B were melted at 75–80 ◦C before mixing. Phase A
comprised 0.05 g sodium salt of ethylenediamine tetra-acetic acid (nonallergenic preserva-
tive and stabilizer), 3 mL 1,3-butylene glycol (humectant), 4 mL glycerin (humectant), 2 mL
pentylene glycol (skin conditioning agent) and distilled water to prepare 100 mL; phase
B comprised 1.2 g cetyl alcohol (emulsion stabilizer), 1.5 g glyceryl stearate (emulsifying
agent) and 8 mL hydrogenated polydecene (skin conditioning agent). RocBr powder was
slowly added during continuous mixing of phase A and phase B at 70 ◦C and then the
mixture was allowed to cool down to 30–35 ◦C. RocBr lotion was stored at 4 ◦C until
further evaluation.

4.3. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX) Spectroscopy

Surface morphology of raw RocBr powder was visualized under scanning electron
microscopy (SEM) (FEI, Brno, Czech Republic). The sample was mounted on the stub with
double-sided adhesive carbon tape (TedPatella, Inc., Redding, CA, USA) and coated with
a 7 nm thin film of gold palladium alloy under argon plasma in the Anatech Hummer
6.2 sputtering system (Union City, CA, USA). SEM micrographs were captured under
30 kV accelerating voltage at a working distance of approximately 9–12 mm. Mean size,
standard deviation and size range of the particles were determined digitally in SEM
micrographs using SigmaScanTM Pro 5.0.0 (Systat, Inc., San Jose, CA, USA). At least
60 particles were measured in the representative micrographs of raw RocBr powder at
400–5000× magnification.

EDX for elemental fingerprinting was performed on raw RocBr powder with Thermo
Noran System Six (Thermo Scientific, Waltham, MA, USA) at an accumulation voltage of
30 keV. The spot size was increased until a dead time of 20–30 s was reached.

4.4. X-ray Powder Diffraction (XRPD)

The crystalline nature of raw RocBr powder was determined by a PANalytical X’pert
diffractometer (PANalytical Inc., Westborough, MA, USA) equipped with a programmable
incident beam slit and an X’celerator detector. The X-ray radiation used was Ni-filtered
Cu Kα (45 kV, 40 Ma and λ = 1.5444 Å). Measurements were taken between 5◦ and 89.9◦
(2θ) with a scan rate of 2.00◦/min. The powder samples were loaded on a zero-background
silicon sample holder.

4.5. Differential Scanning Calorimetry (DSC)

A TA Q1000 differential scanning calorimeter, with autosampler and RSC autocooling
system (TA Instruments, New Castle, DE, USA), was used to analyze the thermal transition
of raw RocBr powder. Approximately 1–3 mg of raw RocBr were weighed and hermetically
sealed in a DSC pan (TA Instruments, New Castle, DE, USA). An empty hermetically sealed
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aluminum pan was used as a reference. UHP nitrogen gas was used as the purging gas at a
flow rate of 40 mL/min. The samples were heated from 0.00 ◦C to 250.00 ◦C at a scanning
rate of 5.00 ◦C/min. All measurements were conducted in triplicate.

4.6. Hot-Stage Microscopy (HSM)

Thermal changes of raw RocBr powder during heating were observed under a Leica
DMLP cross-polarized microscope (Wetzlar, Germany) equipped with a Mettler FP 80 cen-
tral processor heating unit and a Mettler FP82 hot stage (Columbus, OH, USA). Raw RocBr
powder was mounted onto a glass slide and heated from 25 ◦C to 250 ◦C at a heating rate
of 5.00 ◦C/min. The images were digitally captured with a Nikon Coolpix 8800 digital
camera (Nikon, Tokyo, Japan) under 10× optical objective and 10× digital zoom.

4.7. Karl Fisher Titration (KFT)

Coulometric KFT was utilized to determine the residual water content of raw RocBr
powder. Briefly, RocBr was dissolved in anhydrous methanol at 1 μg/mL (0.1% w/v) and
1 mL of solution was added to the titration cell containing Hydranal® Coulomat AD reagent
in a TitroLine 750 trace titrator (SI Analytics, Weilheim, Germany).

4.8. Raman Spectroscopy

Raman spectra for molecular fingerprinting of raw RocBr powder were obtained using
Renishaw inVia Reflex (Gloucestershire, United Kingdom) at exciting laser wavelength of
785 nm, under Leica DM2700 optical microscope (Wetzlar, Germany) at 20× magnification.
The scans were obtained with 1% of laser power and 10 s exposure time. Baseline correction
was made in the spectra prior to analysis with Renishaw WiRE 3.4 software.

4.9. Attenuated Total Reflectance (ATR)–Fourier-Transform Infrared (FTIR) Spectroscopy

ATR–FTIR spectra for molecular fingerprinting of raw RocBr powder were obtained
using a Nicolet Avatar 360 FTIR spectrometer (Varian, Inc.,Palo Alto, CA, USA) to determine
the molecular fingerprint and presence of functional groups of RocBr. Each spectrum was
collected over the wavenumber range of 4000–700 cm−1 after 32 scans at a resolution of
2 cm−1. A background spectrum was obtained under the same conditions. EZ-OMNIC
software version 7.3 was used to acquire and analyze the spectra.

4.10. Ultraviolet (UV)/Visible (Vis) Spectroscopy

UV/Vis spectra of raw RocBr were obtained with Molecular Devices® SpectraMax®

M3 Multi-Mode Microplate Reader (Sunnyvale, CA, USA) from 200 nm to 750 nm. RocBr
was dissolved in methanol at 0.1% and 0.5% (w/v) and analyzed in a 96-well plate.

4.11. High Performance Liquid Chromatography (HPLC) Analysis

The HPLC analysis was performed on a Shimadzu LC-2010A HT liquid chromato-
graph (Torrance, CA, USA) coupled with a UV–Vis dual wavelength detector and a Luna
Silica, 5 μm column (250 mm × 4.6 mm) (Phenomenex, Torrance, CA, USA). RocBr was
detected at 210 nm. The mobile phase was 60:40 (v/v) acetonitrile:tetramethylammonium
hydroxide pentahydrate (0.025M), with pH adjusted to approximately 7.4 with 1:9 (v/v)
phosphoric acid:acetonitrile solution. The flow rate was set to 1.0 mL/min and injection
volume was 10 μL, as previously reported [36,37]. The retention time for RocBr was ~7 min.
Drug concentration was determined with a five-point standard curve (0.03125 mg/mL to
1 mg/mL, R2 = 0.9998). Standards were prepared by serial dilution of RocBr bulk solution
with acetonitrile and stored at 4 ◦C, protected from light.

4.12. In Vitro and In Silico Oil/Water Partition Coefficient (Log P) of RocBr

For in vitro measurements, 3 mg of RocBr powder was added to an amber glass
vial containing equal volume (1.5 mL) of 1-octanol and phosphate buffered saline (PBS,
1×, pH 7.4) to make a 1 mg/mL solution. The pH was adjusted to 7.1 and 12.9 with
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0.1 M hydrochloric acid (HCl) solution and 0.1 M sodium hydroxide (NaOH) solution,
respectively. Log P of RocBr was determined using Equation (1):

Log P = Log{[RocBr]oil/[RocBr]water} (1)

Two temperatures—ambient room temperature and 35 ◦C, which is the widely re-
ported and generally accepted average human skin temperature—were used. The vials
were rotated for 24 h and then left undisturbed in a vertical position for phase separation
for the next 24 h. A volume of 200 μL of the organic and aqueous layer were sampled
very carefully without disturbing the interface and analyzed using the HPLC method
described above.

For in silico predictive modeling, ChemDraw™ Ver. 16.0 (Cambridge Soft, Cambridge,
MA, USA) and Swiss ADME (Swiss Institute of Bioinformatics, Switzerland) web server
were used. The purpose of molecular modeling was to have theoretical values for the
physicochemical properties, lipophilicity and water solubility of rocuronium bromide.
Theoretical Log P was compared to the in vitro results.

4.13. In Silico ADME Prediction

Lipinski’s Rule of Five and skin permeation RocBr were all tested utilizing the Swis-
sADME web server.

4.14. In Vitro Cell Viability by 2D Cell Culture of a Human Skin Cell Line and Human Primary
Skin Cells

The cell viability of RocBr on human epidermis was evaluated with the HaCaT human
keratinocyte immortal cell line and NHEK (normal human epidermal keratinocyte) primary
cells as 2D cell culture. The HaCaT cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM, Optimized 1X), supplemented with 10% (v/v) fetal bovine serum (FBS)
and Pen-Strep (100 units/mL penicillin, 100 μg/mL) in a humidified incubator at 37 ◦C and
5% CO2. NHEK primary cells were grown in the medium provided by MatTek (Ashland,
MA, USA) in a humidified incubator at 37 ◦C and 5% CO2.

HaCaT and NHEK cells were seeded into 96-black well plates at 5000 cells in 100 μL
medium per well. After 48 h, cells were exposed to RocBr at concentrations of 1000 μM,
100 μM, 10 μM, 1 μM or 0.1 μM. Drug solutions were prepared by dissolving raw RocBr
powder in 1 mL of HPLC-grade ethanol (EtOH) and diluted with 9 mL of growth media.
A volume of 100 μL of drug solution was added to each well. After 48 h, 20 μL of 20 μM
resazurin sodium salt was added to each well and incubated for 4 h. Fluorescence intensity
of resofurin was detected at 544 nm (excitation) and 590 nm (emission) using the Molecular
Devices® SpectraMax® M3 Multi-Mode Microplate Reader (Sunnyvale, CA, USA). The
relative viability of the cells was calculated by Equation (2) as follows:

Relative Viability% =
Sample flourescence intensity
Control flourescece intensity

× 100% (2)

4.15. In Vitro Permeation of RocBr Using Strat-M® Synthetic Biomimetic Membrane and Franz
Cell Diffusion System

Strat-M® synthetic membrane (Sigma Aldrich, St. Louis, MO, USA) inside a glass
Franz Cell Diffusion system (Permegear, Hellertown, PA, USA) was used to study the
drug membrane permeation and retention of RocBr from RocBr solution (1% w/v RocBr
solution prepared in PBS, pH 7.4, 200 μL) and lotion formulations. The membrane diameter
available for diffusion was 5.0 cm. The RocBr formulation was prepared as described in
the methods section. PBS (pH 7.4) mixed with 10% (v/v) ethanol was used as the receptor
medium. The receptor compartment was filled with 5 mL of medium and maintained
at 35 ◦C, the well-reported and generally accepted average human skin temperature, in
a reciprocal shaking bath model 25 (Thermo Fisher Scientific, Fair Lawn, NJ, USA) at
30 oscillations/minute. A volume of 200 μL of RocBr solution and RocBr lotion were
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added onto the membrane and the effective diffusion area was 0.64 cm2. At predetermined
time intervals, 200 μL of the receptor medium was sampled and replaced with an equal
volume of fresh medium. The flux at steady-state (J) was estimated as the slope of the linear
regression analysis of the linear portion of the permeation curve. Lag time (Lt) was defined
as the time intercept of the steady-state region of the permeation curve (i.e., x-intercept) [38].
The cumulative drug permeation and drug retention on the membrane were quantified
with the HPLC method described in the Methods section.

4.16. In Vitro Permeation of RocBr by Using 3D Normal Human-Derived Epidermal Keratinocytes
(EpiDermTM) and MatTek Permeation Device

Following Mat-Tek’s protocol [39] and the MatTek Permeation Device (MatTek, Ash-
land, MA, USA), EpiDermTM samples were placed in tissue culture inserts and transferred
onto a 6-well cell culture plate. Each well was pre-filled with 1 mL of Dulbecco’s phosphate
buffered saline without calcium chloride (CaCl2) or magnesium chloride (MgCl2) (Mat-Tek,
Ashland, MA, USA). The plate was placed in a reciprocal shaking bath model 25 (Thermo
Fisher Scientific, Fair Lawn, NJ, USA) at 30 oscillations per minute and maintained at
35 ◦C ± 0.05 ◦C, the well-reported and generally accepted average human skin tempera-
ture. A volume of 400 μL of RocBr lotion was added onto the EpiDermTM and the effective
diffusion area was 0.256 cm2. The same HPLC method described earlier was used.

4.17. Statistical Analysis

The data are presented as the mean ± standard deviation, derived from three indepen-
dent experiments (n = 3). The statistical difference between the results of cell viability and
drug retention were compared by one-way analysis of variance (ANOVA) with Tukey’s
post hoc test for comparisons (Prism 9.0, GraphPad Software, San Diego, CA, USA). In all
cases, the p values of 0.05 or less were considered significant.

5. Conclusions

In conclusion, this systematic and comprehensive study reports several new findings
for the first time. These include comprehensive physicochemical characterization, thermal
analysis, imaging by electron microscopy with energy dispersive spectroscopy X-ray spec-
troscopy, imaging by hot-stage microscopy, molecular fingerprinting by spectroscopy and
in vitro properties of RocBr. These in vitro properties include oil/water partition coefficient
at two different temperatures, showing equal distribution of drug molecules in the octanol
and water phases, consistent which drug amphilicity, Also observed were low toxicity
in 2D human skin cell culture of the HaCaT human keratinocyte cell line over a wide
drug concentration, low toxicity in 2D normal human epidermal keratinocytes (NHEK®)
primary cells over a wide drug concentration, drug permeation and membrane retention
using Strat-M® synthetic biomimetic membrane and drug permeation and membrane drug
retention using EpiDerm TM human skin tissue.

A topical oil/water emulsion lotion formulation was developed and evaluated. The
in vitro permeation behavior of RocBr from its lotion formulation was quantified with Strat-
M® synthetic biomimetic membrane and EpiDermTM 3D human skin tissue. Significant
membrane retention of RocBr drug was evident and more retention was obtained with
the lotion formulation compared with the solution. Drug penetration of RocBr lotion was
evaluated in two in vitro models, using STRAT-M® synthetic biomimetic membrane/Franz
cell diffusion system and Epiderm® human tissue. Drug retention in the membrane was
quantifiable and relatively high. Drug flux out of the membrane was relatively low, which
is favorable for local skin delivery to treat non-melanoma skin cancer while minimizing
systemic exposure. Clinical evaluation for treating non-melanoma skin cancer would be
needed to assess clinical application.
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